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This report presents the results of an investigation into the 
suitability of steel-fibre reinforced concrete (SFRC) as a building 
material. The performance of the SFRC is gauged relative to 
conventional steel mesh-reinforced concrete. 
The report begins with the historical back.grotmd of 
fibre-reinforcing, its developnent and diversity in mod.ern times. 
The theoretical principles governing the strength of SFRC are 
fonnulated, followed by an extensive review of factors influencing 
the fibre's potential and its subsequent effect on the mechanical 
properties of a concrete matrix. 
The experimental program is thereafter detailed in two stages : the 
"Efficiency and Proving Phase" followed by the "Application Phase". 
The fonner involves a series of tests to determine the most 
promising fibre of the five types available, while the latter 
compares the strength properties of slabs and arches reinforced with 
this fibre to those reinforced with wire mesh. 
The test results obtained from the two phases are evaluated and 
discussed in the succeeding two sections and the report ends with 
the conclusions drawn and recoumendations regarding the 
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The idea of adding steel fibres to a concrete matrix to improve its 
strength was first reported on in the early 1900, s. The first 
research work on SFRC was carried out in 1963, and by 1971 the 
material was being evaluated seriously for couonerical products and 
applications throughout the United States and Western Europe. 
Extensive testing on SFR concretes revealed that the steel fibres 
improved substantially the engineering properties of a plain 
concrete matrix. SFR concretes have thus been u8ed extensively to 
provide a "thin skin" of reinforcement for such applications as 
pavements, overlays, patching, turmel linings, thin shells and 
precast products. 
this study. 
The last two applications formed the basis of 
In South Africa the problem of providing adequate housing for the 
many thousands is a very real problem. It is thought that SFHC may 
be a contribution. 
1. To set out 
The objectives of this report are : 
the findings of an investigation into the 
effectiveness of SFRC in thin shell construction relative to 
the conventional mesh-reinforced shells. 
2. To draw conclusions fr6m the findings on the possible 
application of SFRC for housing and industrial roofing. 
The investigation was restricted to testing large slabs and arches, 













The practice of using fibres to reinforce brittle materials goes 
back to ancient times. F.arly civilizations quickly realised the 
benefits of adding straw to nn..d and clay to get strong stm-dried 
bricks. The bricks proved to have a greater cracking resistance, 
and did not fall aplrt once cracking became visible. It is no 
surprise therefore that, with the developnent of portland cement and 
its gradual increased use as a building material, attempe were made 
to add fibres to concrete in order to improve its behaviour. 
2.2 HISTORICAL BACKGROUND 
In 1847 Joseph Lambot developed a new building material by adding 
continuous fibres in the form of wires or wire meshes to concrete. 
This led to the developnent of ferrocement and reinforced concrete 
as it is known today ( 1) • However, the cost, careful placement and 
skills required to use these continuous wires prompted engineers to 
look for a more versatile, easily placeable reinforcing. The idea 
of using strong discontinuous fibres as reinforcement to concrete, 
which could simply be added to the mix like sand or stone, was first 
patented in 1874 by A Bernard from California. He suggested the use 











A French pa.tent dated 1918 by H Alfsen shows the first cognisance of 
fibre shape optimization - Alfsen describes the process of adding 
small longittrlina.l fibres of iron, wood or other materials to 
concrete, thereby improving the tensile strength. He also suggested 
that the surface of these be rough or roughened with the ends bent 
to provide better adherence to the concrete. 
In 1912, R Weakly obtained a pa.tent for using a steel wire strip 
made out of two wires and containing loops to enable a durable bond 
with concrete ( see Figure 2 • 1 below) ( 2 ) • 
I. D. WE.U:LtY. 
-1(4 .i:ua ?Ol l.tlJFOllCED CO~CUTJ: STlDCTl!lEL 
&fPl.lO&TIOI ilLID H.P1'. at. ltll. 
t,Gle,918. Pr.L&nted Jee. 10. 1912. 
Figure 2.1 'lbe Weakly pa.tent on fibre for concrete 
The idea of changing the shape of the fibre itself was put forward 
shortly thereafter by G Martin and W Meischke-Smith in 1927. 
Martin's pa.tent describes the use of plain or crimped pieces of 
steel wire mixed with concrete to strengthen concrete pipes. 
Meischke-Smith's pa.tent proposed. the use of flat, twisted pieces of . 
wire as fibre reinforcement for concrete mixtures. Both patents are 










June 21, 1927. 
G. C:. MARTIN 
lllTllOD or routno nu 
rued~- 11. iez• 
1,633,219 





A"11CATIOI Ill.ID DIC. II, 1111. 
Fi~e 2.2 Additional fibre patents. Left is Martin's 
patent and right is that awarded to Meischke-Smith 
4 
Patented A.ag. 17, 1920. 
Capitalising on this idea, Et~eridge (1933) proposed adding "annuli 
fibres" of varying sizes and diameters to improve the crack 
resistance and fatigue of concrete for use in railway ties. He 
wrote : 
"'lhe object that I have in view is the 
prevention of local cracks and fractures 
and I accanplish such object by mixing 
with the plastic concrete a mass a metal 
annuli insufficient to effect coupling of 
what I may tenn the "stitching" together 











June 13, 1933. H. ETHERICGE 
~ COISTllUCTIOR 
ru..s Jau 1. 1131 
_?fg.2 a .. 
Etheridge's "annuli fibres" 
5 
1.913,707 
Additional patents were granted worldwide in subsequent years but 
one which particularly st.aBis out is that of G Constantinesco whose 
patent was granted in England in 1943 and subsequently in 1954 in 
the U.S.A. His patent describes the use of coiled or helical tY}Je 
steel fibres in order to increase the crack resistance and energy 
absorption of concrete masses. · He went so far as to recoumend 
certain parameters relating to the fibre geometry, which are quite 
similar to those used today in steel-fibre reinforced. concrete 
( SFRC). Suggested. applications included army tanks, air raid 
shelters and machinery foundations. Figure 2. 4 below gives an 
impression of the remarkable diversity of Constantinesco's }:Btent. 
The pace of developoents thus far, i.e. prior to the 1960's, can be 











.May U, 1954 G. C:ONSTANTINESCO 
llEDITORCEt> COllCU'TE 
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However, coomencing from the early 1960's, rapid, modern developnent 
with increasing applications saw the discovery of a wide spectrum of 
fibre types. 
2. 3 f>DDERN DEVELO™ENTS 
Beginning in the early 1960's a multitude of fibres and fibre 
materials were introduced and are being continuously introduced in 
the market as new applications are identified. 
2.3.1 Steel Fibres 
Manufacturers of steel wire fibre have attempted to improve the 
mechanical bond in a variety of ways, resulting in various 












Figure 2.5 Shapes of conmercial steel fibres 
R.ound steel-fibres (a) are produced by normal wire-drawing 
techniques (i.e. by cutting or chopping wire), typically having 
diameters between 0.25 - 0.76 11111. However, this technique is 
relatively expensive which has led to production methods utilising 











slit sheets resulting in rectangular cross-section fibres (b) which 
may be produced cheaply when supplies of scrap metal are readily 
available. Typical cross-sections range from 0.15 - 0.41 nm in 
thickness by 0.25 - 0.90 nm in widths. 
Another economic technique is the "melt-extracts" process, patented 
by the Batelle Developnent Corporation and developed in the U.K. by 
Johnson and Nephew Ltd. This method uses a rotating wheel that 
touches a molten metal surface, lifts off liquid metal and rapidly 
freezes it into fibres which are subsequently thrown off by the 
centrifugal force. 'Ihe fibres . have an irregular surface and a 
crescent shaped cross section (see Figure 2.5, fibre (f)). 
Crimped and defonned steel fibres have been produced both full-
length ( c) and ( d) and crimped or bent at the ends only ( e) , or 
alternatively the ends are enlarged (g). 
Before looking at non-steel fibres, special mention should be made 
of a JEtent granted to A G Naaman in 1974, who developed a tri-
dimensional steel fibre made with four wires f onning a frame, like 
two successive footballs (see Figure 2.6 below)( 4 ). 
Figure 2.6 
ATENlEODIC 1011~ 
N"°"""' 1llt1 01 W I! . 
~ II 14 
FIG. I 
~~ .. 01 















2.3.2 Glass Fibres 
Glass wool with fibre lengths up to 150 nm can be produced by 
blowing compressed air or steam at a stream of molten glass, and 
similar but longer fibres can be manufactured by centrifuging molten 
glass. However, although these fibres are cheap, they are not very 
suitable for mixing with cement and therefore mechanically drawn 
fibres are used for this purpose. 
Mechanical production of continuous fibres consists of drawing 
filaments from the bottom of a heated platinum brushing or tank 
containing several hundred holes. The glass fibres are collected in 
strands of about 200 filaments on a rotating drun and their final 
diameter deperrls on the speed of rotation of the drtm, the viscosity 
of the melt and the size of the holes in the brushing. It should be 
noted that before reaching the drum the strand is coated with a 
SIZE, which holds the filaments together in a lens-shaped form, as 
shown in Figure 2.7 below(S). 











Several strands may be lightly bonded to form a ROVING, which llB.Y be 
wotmd as a cheese. 'Ihis roving is then tmwotmd on location and 
chopped into the required lengths for their use in concrete, or for 
the production of choped fibre-ma.tts. Typically the glass fibres 
have diameters of 0.005 - 0.015 Diil but, as mentioned above, these 
fibres may be bonded together to produce fibre elements with 
diameters of 0. 013 - 1. 3 Diil. Mechanically drawn glass fibres are 
available in three groups 
soda-lime-silica (A glass) 
Borosilicate glass (E glass) 
Zirconia glass 
Of the three types Zirconia glass is the most resistant to attack by 
the highly alkaline ordinary Portland cements coom:mly used in 
Europe and America. Figure 2.8(a) below shows some typical precut 
glass fibre 25 Diil ( 1 inch) long, and (b) shows the fracture surface 
of a glass reinforced cement(S, 7 ). 
Figure 2.8 Glass fibres are shown on left; fracture 











2.3.3 Carbon Fibres 
Although carbon fibres are very expensive compared to other fibres, 
their qualities of high stiffness and tensile strength combined with 
their re la ti ve inertness to alkaline attack in cement paste have 
encouraged extensive laboratory testing, especially in Japan. 
Carbon fibres are available in the continuous form or as short 
staples. They are produced by carbonizing suitable organic 
materials at high temperatures, and then aligning the resultant 
graphite crystallites by "hot-stretching". The strength and 
stiffness of the fibre is therefore dependant on the source material 
and the extent of hot-stretching. By employing temperat\.tres as high 
as 2750° during stretching, fibres with Young's Modulus in excess of 
2 700 GN/m have been produced. These high modulus fibres are 
conmonly ref erred to as TYPE I, while high strength fibres are 
ref erred to as TYPE II. The fibres have a f ibrillar stl'\£ture 
similar to that of asbestos, as shown by Figure 2.9 below. Figure 
2.9(b) shows some smaller carbon fibre(S, 9 >. 
3mm 10mm 
Figure 2. 9 : One inch staples of carbon fibre (left) , 











Carbon fibres may be made from textiles, such as polyacrylonitile or 
rayon, yielding high quality fibres. 'Ihose made froin pitch and some 
types of agricultural waste have created a lot of interest on 
economic grounds ( lO) • In recent years, inexpensive carbon fibres 
(low modulus) made from coal and petroleun pitches have been 
developed in Japan, and the applications of short carbon fibres as 
reinforcement for cement materials are being used there in the 
t . 'nd (11) cons ruction 1 ustry • 
2.3.4 PolyPropylene Fibres 
F.ar ly in the 1960' s polypropylene fibres became available in two 
forms - ~FILAMENT (or spinneret) and FIIli fibres. The extrusion 
of synthetic polymers into fibres by spinneret has long been the 
conventional method for rayon and nylon production, and this 
technique is used.to produce polypropylene fibres which are normally 
circular in cross section. 'nle new process of film extrusion is 
more economical and particularly suited for the processing of 
isostatic polypropylene. The extruder is fitted with a die to 
produce a tubular or flat film which is then slit into tapes, and 
monoaxially stretched. A molecular orientation results from the 
stretching which accotmts for the high tensile strength of poly-
propylene fibres. Once the required properties of the film are 
reached, the film is fibrillated this is the generation of 
longitudinal splits. This can be achieved by rubbing the film 
together, or by the use of a carefully designed pin system of 
rollers over which the stretched films are led. Figure 2. lO(a) 
shows a fibrillated yarn which has been split by rubbing resulting 











shows the regular pattern of a pinned yarn ( 13 ) • Fibrillated. films 
which have been twisted into fibres are softer and easier to handle 


















Two outstanding properties of polypropylene fibres are 
( i) the fibre is inert making it resistant to attack from most 
chemicals. On contact with more aggressive chemicals the 
concrete will always be the first to deteriorate; 
(ii) the hydrophobic surface helps to prevent chopped fibres fran 
balling up during mixing. Stated in another way, the fibres 
are not wetted by a cement paste because their water demand 
is nil. 
Unlike glass and steel fibres, polypropylene fibre is supplied in a 
spool for cutting on site or on request are chopped by the 
manufacturer into lengths between 25 to 75111D.. The advantages of 
I 
purchasing the fibre in spools and dutting to the required lengths 
I 
are that it is cheaper, it is easier to transport · the spools, and 
the spools take up less space. 'lbe benefit of these considerations 
are obvious relative to precast works. 
2.3.5 Asbestos Fibres 
Asbestos is a naturally occurring crystalline fibrous silicate 
material, the two main groups being the Serpentines and the 
Amphiboles. The most abundant material is CHRYSal'ILE (or White 
Asbestos), which is the sole member of the Serpentine group. Figure 










Figure 2.11 ·Scanning electron microscope view of Chrysotile 
asbestos fibres 
15 
Chrysotile constitutes more than 90% of the world asbestos reserves 
and is used to a large extent in the manufacture of asbestos cement. 
Asbestos cement has been used as a fibre-cement composite since the 
early 1900's. The proportion by weight of asbestos fibre is 
nonna.lly between; 
9 - 12% for flat or corrugated sheet 
11 - 14% for pressure pipes 
20 - 30% for fire-resistant l:x>ards. 
The binder used is nonnally a portlarrl cement. However, before the 
asbestos fibres can be mixed with cement they undergo heavy pre-











an effective diameter of 1 JAB or less. F.dge runners or bamner mills 
are then used to split the fibres into even thinner sections or into 
cohesive bundles of parallel fibres. The fibres can then be easily 
disposed of in a water and cement suspension by continuous dilution 
and mechanical stirring. One of the advantages of asbestos fibres 
over other fibres is that it has an affinity for portland cement 
which settles on the surface of the fibres and remains there even 
under high dilution or water extraction. This enables a reduction 
in water content from about 90% to 20% without segregation of the 
cement, which leads to a well distributed and bonded fibre 
composition ( 15 ) • Al though the tensile strength of chrysotile is 
very high (up to 3000 MPa has been reported) , it should be noted 
that the strength of the fibre bundles in the composite is DREh 
lower. Ranges such as 560 - 750 MPa, 300 - 1800 ~ and 550 - 970 
MPa are considered. 
Despite the wide usage of asbestos fibres as a reinforcing fibre, it 
should be noted that prolonged exposure to asbestos fibre has been 
shown to be injurious to health. It is this factor which has led to 
a reduction in the usage of asbestos fibres, and the search for 
alternative fibre types, both manufactured and synthetic or 
naturally occurring. 
2.3.6 Synthetic Fibres 
KEVLAR FIBRF.8 This is the name given to a group of high modulus 
organic fibres, examples of which are PRO 49 and PRD 29 (typical 
properties are given in Table 2. 1, section 2. 4) • Their high 
strength and stiffness make them an attractive reinforcement of 











yielded modulus of rupture of the composite in the range 40 - 50 MPa 
and ultimate tensile strengths between 14 
tmsatisfactory distribution of the fibres ( 16 ) • 
16 MPa, despite 
However the one 
problem with Kevlar fibres is that they are known to lose all of 
0 their room temperature strength at 300 C and the rate of creep 
increases with temperature, which limits their application in 
environments where high temperatures are encountered.. 
NYLON FIBR&g Nylon was one of the first polymer fibres to be 
included in cement and concrete, but due to its high cost compared 
to polypropylene, its conmercial usage is limited. Using 5.5% by 
voltme of fibres greatly enhances the impact resistance of 
composites. Watar and Ma.junder achieved moduli of rupture up to 11 
MPa using 4% by weight (about 7% by volune) of 25 DID long nylon 
monofilament fibres, and large increases in impact strength were 
bs ed(17) o erv • It should be noted though that the flexural strength 
of concrete is reduced by the inclusion of small volt11es of short 
nylon monofilaments. 
This fibre has not been used to any extent in 
cement composites because of its low modulus of elasticity. 
However, the developnent of high modulus polyethylenes with E up to 
70 000 MPa has enabled the production of relatively cheap fibres -
these should enable considerable strengthening of cement based 
composites, but so far no test results have been published. 
2.3.7 Natural Organic and Mineral Fibres 
The relatively high cost of man-made fibres and wire meshes for use 











experiment with natural fibres as possible substitutes. '!his is 
particularly relevant in terms of low-cost housing applications in 
underdeveloped and backward countries, where the cost of the 
reinforcement and, more importantly its availability, have precltrled 
its use. Some of the more COIDDOn fibres available which have been 
investigated, are briefly outlined below : 
CEI.J...ULOSE FIBRES Studies undertaken by Krenchel show that 
cellulose fibres may be used in cement composites, but volumes in 
the region of 15 20% are required to provide adequate 
strengthening of the composite. However, their disadvantages are : 
they are hygroscopic 
the fibre dispersion varies with moisture content 
the fibres rot if kept for prolonged periods in moist 
conditions, and 
they cannot tolerate heating beyond 100 - 120°c. 
It is therefore unlikely that cellulose fibres will be solely used 
as reinforcement, but rather in conjunction with other fibres (e.g. 
asbestos). 
CXlCONlJT FIBRES These fibres are very durable under natural 
weathering conditions and attempts have been made to inchrle them in 
cement-based composites. However, like most vegetable fibres their 
modulus of elasticity is low and they are sensitive to moisture 
variations. 
Studies undertaken by the Building Research Institute 











cement was retarded by bleaching or organic impurities from the 
presoaked cuttings. · Concrete beams were produced with sisal up to 
5'% by weight of cement, but unfortl.ma.tely no additional strength was 
observed( lS). More promising results have been obtained by Swift at 
the Kenyatta University College (Kenya), who has produced effective 
corrugated sheeting using a combination of long and short sisal 
fibres 0 7) • 
The most comprehensive sttrlies conducted on the AGAVE family (of 
which sisal is the most conmon fibre) have been undertaken by Castro 
and Naama.n ( 18 ) • They conducted tests on two other species of agave 
plants, Lechuguilla and Maguey. Their tests showed that water 
absorption occurred rapidly, which tended to render the mix very 
harsh and occasionally led to fibre balling. This was overcome by 
the use of a superplasticizer and preliminary tests were corducted 
with fibre volumes less than 5%. The results were often erratic 
with large variability being encountered, so fibre volunes exceeding 
5% were used. Subsequent tests showed elasto-plastic behaviour in 
flexure and multiple matrix cracking for volume fractions greater 
than 7%. Tests on the fibres themselves yielded average tensile 
strengths of 330 MPa. Again, however, the fibre strength 
deteriorated at elevated temperatures and moisture conditions, a 
general problem associated with organic fibres. 
2.4 cntPARING FIBRES 
From this chapter one will have reached an insight into the vast 
vohme of research which has been conducted on a wide spectrtm of 











Steel, polypropylene, glass and asbestos fibres are ccmnercially 
produced and used today, the aim being production of high strength 
fibres at lowest possible cost. In order to gain an overall picture 
of the different fibre properties and typical voltmes of these 
fibres which are required to strengthen a cement based composite, 
Table 2.1 is presented below (19-21). The fibres can be classified. 
into two categories 
1. those with a high modulus of elasticity e.g. glass, 
asbestos, steel and carbon (marked t) and 
2. those with a low modulus of elasticity such as natural, 
synthetic and organic fibres (marked#). 
Even though carbon and kevlar fibres are very expensive, they have 
been included for completeness. 
The blue file accompanying this report contains several different 
types of fibres which are used connercially today. The text 
accompanying each sample gives an indication of the geogra:(i1ical 



















* Carbon. type 1 14.5 
high modulus 8 
Carbon, type 2 
t high strength 9 
t C-ellulose 
t Glass E 8-10 
" CEM-FIL f'mt 12.5 
" 201 filament 
strand 110x650 
* Kevlar 
PRD 49 10 
PRD 29 12 
Nylon,Type 242 > 4 
Perlon 13 
Polypropylene 




t Sisal 10-50 
t Steel 
High tensile 100-600 
Stainless 10-330 
* high cost 
t high modulus of elasticity 





















Some Typical Fibre Properties 
Density Ycxq's Tensile Elongatioo Typical 
Pbiulus Strenath at break volune in 
103kg;m3 GPB GPB ~ COllpOSites 
~ 
2.55 164 0.2-1.8 2-3 10 
bmdles 
3.37 196 3.5-4.5 2-3 -
1.63 386 0.0083 1-5 
1.90 380 1.800 ~o.5 2-12 
1.90 230 2.6 ~1.0 " 
1.2 10 0.3-0.5 
2.54 72 3.5 4.8 
'~J 80 2.5 3.6 2.7 70 1.250 
1.45 133 2.9 2.1 
1.44 69 2.9 4.0 < 2 
1.44 Rate dep. up to 4 0.75-0.9 13.5 0.1-6 
" 0.011 8-9 
0.9 " 0.4 18 0.1-6 
0.9 Rate dep. up to 8 0.4 8 0.2-1.2 
3.9 245 0.65 
1.5 14-28 0.2-0.8 ~3.0 > 5 
200 0.700-2.000 3.5 











'11DDll!l'ICAL FRINCIPLES OF FIBRE RB~ 
3.1 GENERAL 
So far a general overview of different fibre types and their 
relevant properties has been presented. At this point the 
investigation is narrowed down to dealing with steel fibres only. 
'!he use of ductile steel fibres as reinforcement of a basically 
brittle, non-ductile cement matrix has been widely researched and 
documented. '!he concept of fibre reinforcement is to use the 
deformation of the matrix under stress to transfer load to the 
fibre. Depending on the strength of the fibres and the degree to 
which they are stressed, substantial improvements in the static and 
dynamic strength properties of the concrete are attainable. 
For SFRC several different approaches to design are available. Sane 
approaches are based on conventional design methods which have been 
modified to incorporate fibre contribution, some are empirical and 
may apply only to special applications. In this investigation the 
"Law of Mixtures" theory is outlined and its applicability in direct 
tensile and flexure testing presented. Tiiis is succeeded by an. 
alternative approach to the theoretical prediction of the cracking 
stress, known as the Fibre Spacing Concept. 'Die f onaer mechanisa 
relates the strength to the volune, orientation and aspect ratio of 
the fibres while the latter mechanism relates the "first-crack 











Initially, a brief explanation on the action of the fibres in the 
matrix and their behaviour when the canposite is stressed, is given. 
This will facilitate the ensuing derivation of the Law of Mixtures 
and Spacing Concept, regarding the fibres' contribution towards 
composite strength. 
3.2 THE OOLE OF FIBRES AS CRACK ARRFSI'OOS 
When a plain concrete beam is sub.jected. to increasing loads, the 
strain in the tensile zone will also increase tmtil a certain point 
is reached, which is conmonly referred to as the Proportional Limit. 
'Mlis proportional limit is defined as that load below which the 
matrix is essentially linearly elastic, i.e. an examination of a 
plotted load vs deflection curve would show a more or less linear 
line up to the proportional limit. Increasing the load above this 
point results in the matrix cracking .strain being reached. 
Additional loading (a very small increment) will lead to cracking of 
the tensile zone and subsequent i.Jllnediate failure of the beam. The 
aggregates in concrete do exert an influence on crack propagation, 
but once cracking has coonenced, its propagation is very rapid in 
unreinforced ma.trices. The load at which matrix cracking occurs is 
thus referred to as the Hfirst-crack strength" of the concrete. 
For fibre reinforced concrete, the proportional limit is defined the 
same as above. It is assumed that lx>th the plain concrete and fibre 
behave elastically up to the proportional limit. 'lbe first crack in 
the composite will occur when the composite strain exceeds the 











When the matrix cracks, the load previously supported by the matrix 
in the crack area is carried by any fibres bridging the crack. 'Ibis 
load carried by the fibres is transferred beck into the matrix along 
the fibre-matrix interface causing shear stress. If the bond 
strength is small compared with the matrix strength, failure occurs 
as soon as the bond is broken ( 22 ) • In composites where the fibre-
matrix shear strength is high, failure occurs only after the matrix 
fails. This failure manifests itself in the form of yielding of the 
fibres themselves or most conmonly bond failure at the fibre-matrix 
interface. The factor that determines whether failure by yielding 
or bond failure occurs is the fibre length, but as will be shown in 
Chapter 4, a number of factors must be considered collectively. 
3.3 I.AW OF MIX'I'-1RES mIDRY FUR SFRC 
The following theory makes a m.111ber of assunptions 
(i) the fibres are aligned in the direction of stress 
(ii) before cracking, the fibres are fully horded to the matrix 
(i.e. equal strains in fibre and matrix), and 
(iii) the Poisson's ratio in fibre and matrix is equal to zero. 
Assunption (i) is valid in the idealized state only - in actual fact 
the fibres are randomly orientated and this consideration in 
combination with a host of other variables will have a marked affect 
on the strength of a SFRC composite. However, the law of mixtures 
provides for a basic f onoulae which can be modified later to accocmt 
for these variables. Figure 3.1 should be read in conjunction with 












area A , volume V 
I f 
f-----t, 
I I I I I Matrix cross-sectional area 
I I I A,,, = (Ac - A,) 
I I I (1 - A,) 
j I I Matrix volume V,,, ( ~ - V, ) 
I = (1 - V, l 
25 
Figure 3.1 Uniaxial tension applied to a tmit voltme of SFRC( 23 ) 
The voltune of the composite is taken as tm.ity 
v = 1 c 
The fibre volume can then be expressed as a fraction of the 
composite volume 
From asstmption (ii) , for equal strains in the fibre and matrix 
before cracking 
£. c = £.f = 
subscripts (c,f) and (m) referring to the composite, fibre and 
matrix and (t) to direct tensile respectively. 1b.e axially applied 













For a unit !length canposite Ve = Ac = 1 and Af = Vf 
act = aft Vf + amt (l - Vf) 
26 
( 3.1) 
Equation ( 3. 1) is depen:lent only on the properties and volune 
fractions of the constituents. Al though until now the theory has 
been applied to a direct tensile stress situation, it has been 
suggested that there would be no loss of generality if the equation 
was modified to apply to a bending tensile stress field< 24 >. 
Indeed, the difficulty of applying a direct tensional force free of 
eccentricity and the variability of the secondary stresses induced 
by the grips in the tension test, make it preferable to measure the 
tensile strength by subjecting a concrete beam to flexure ( 25 ) • One 
merely has to look at the many methods used/proposed for the single 
fibre pull-out test to appreciate the difficulty of developing a 
test set-up which closely approximates the stresses and strains 
. t ed . f"b "t <2s-29 > encm.m er in a 1 re compos1 e . 
Although there is no unique relationship which can be drawn up 
between the direct tensile strength and flexural tensile strength 
for all types of mix proJX>rtions and aggregate types, there does 
exist a relationship for a specific matrix ( 30 , (see Figure 3. 2) . 
The fallowing theory is taken from work by Swamy et al ( 31 ) . 
The modulus of rupture of the matrix (amb) is thus related to the 
direct tensile strength of the form : 
(3.2) 
where p is a factor incorporating all the parameters which generally 
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Relation between modulus of rupture and 
strength in direct tension 
27 
The modulus of rupture of the matrix (amb) is thus related to the 
direct tensile strength in the form : 
(3.2) 
where p is a factor incorporating all the parameters which generally 
influence concrete strength, and varies from 1.3 - 1.5. 
If failure occurs by fibre pull-out, then the average tensile stress 
in the fibre is related to the average bond stress ('t'AV) by 
aft = 2 "t'AV t!D (3.3) 
substituting equations (3.2) and (3.3) into equation (3.1) yields 
amb 












The modulus of rupture of the composite is a more difficult 
consideration. In· plain concrete a linear stress distribution is 
assuned up to failure. If th.is were true for fibrous composites, 
the modulus of rupture acb is related to the section modulus Z by 
(3.5) 
w'nere M is the applied moment. 
However, it has been shown by various authors that there is no 
stress linearity even where failure occurs by fibre pull-out, this 
nonlinearity occuring in both the tension and compression 
(32,33,34) zones • The nonlinear flexural stress distribution is 
related to the direct tensile strength. as follows 
where (a: Z) is analogous to plastic modulus. 
From equations (3.5) and (3.6) 
and substituting this relati?1'18hip into equation (3.4) 
crcb = (~) crmb Vm + 2.a: T:AV Vf l/D 
which can be rewritten as 
(3.6) 
(3.7) 
The values A and Bin equation (3.7) can be determined statistically 













At the outset of the theoretical formulation a nuober of assunptions 
were made for the p.irpose of simplifying the former. In practice 
none of these assunptions are likely to occur, because many 
different variables are inst:runental in detennining the strength of 
a SFRC, be it in bending, tension or compression. 
3.4 FIBRE SPACING <X>NCEPI' 
The sPa.cing concept is based on the ass1.111ption that concrete is a 
notch sensitive medit111 in which the critical flaw size can be 
calculated( 35 ). The approach taken by R.omauldi and Batson for 
increasing the tensile strength was to reduce the stress intensity 
at internal flaws or at the tip of cracks by using closely spaced 
wires as crack arrestors. The.ability of the fibres to act as crack 
arrestors depends on the extent to which a crack can propagate 
before encm.mtering a fibre, i.e. the "spacing" of the fibres 
detennines crack growth. Roma.uldi et al reasoned that for a fixed 
vol tune of fibres of constant length, a reduction in the fibre 
diameter would lead to an increasing number of fibres. Con-
sequently, the fibres would be more densely packed such that the 
"spacing" of the fibre centroids decreases leading to an increase in 
the tensile strength of the SFRC. Figure 3. 3 shows the theoretical 
results linking first-crack propagation stress.to wire specing< 36 >. 
Results of tests conducted by Romualdi and Mandel are shown in 
Figure 3.4, which compares the strength ratio of SFRC at first-crack 
t that f 1 . t f . f th f 'b . ( 
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The expression derived by Romua.ldi and Mand.el for the average fibre 
spacing reads as follows 














Since their initial investigation, various authors have questioned 
the accuracy and assumptions made by Romauldi regarding the effects 
of fibre spacing on composite strength as well as the correct method 
of calculating the fibre spacing. Spacing equations have been 
fonnulated using either the distance between the centroids of 
I 
separate fibres or from the m.mber of fibres intersecting a unit 
area of a given plane section through the composite. 
The fonner case has been investigated by Swamy et al, which takes 
into account the following considerations 
( i) the fibre transfer length 
(ii) the fibre-matrix bond, and 
(iii) the orientation of the fibres in the composite. 
The effective spacings (S ) for the first crack modulus of rupture 
c 
is given by; 
(3.9) 
and for the ultimate modulus of rupture; 
(3.10) 
where p is the volune percentage of fibres in the matrix, d and t 
the fibre diameter and length respectively< 3B>. 
foti{ee has derived an equation for fibre spacing similar to that 
proposed by Romauldi and Batson in equation ( 3. 8) • His spacing 
equation is given by S = 3~ where V is the vollllle of a single 











'lbe plane section case has been examined by Krenchel and the spacing 
equations given below are applicable to cylindrical fibres( 40) 
1-D ALL fibres parallel, plane section perpendicular to the 
direction of orientation 
2-D 
~ 0.885 d (3.11) 
JVf 
Random fibre orientation, plane section perpendicular 
to the plane in which the fibres lie 
11 d d 
- ~ 1.11 -= (3.12) 
2.(2" JVf JVf 
3-D Random fibre orientation 
1.25 (3.13) 
It is generally agreed that the ultimate strength of a steel-fibre 
reinforced concrete (SFRC) is relatively insensitive to fibre 
SJBCing, and depends primarily on the volume, aspect ratio and bond 
characteristics of the fibres. The ul tima.te strength of a SFRC 
specimen is thus determined from equation (3.1) for a direct tensile 
stress test or from equation (3.7) where the composite is tested in 
flexure. Since the "Law of Mixtures" theory is derived for an 
idealised situation, an extensive review of factors which affect the 
















The strength of a fibre composite depends primarily on the strength 
of the fibres and the degree to which all the fibres within the 
matrix are stressed. If the fibres are weak, then they will have a 
weakening influence on the composite. If the fibres are strong but 
are not effectively loaded in the matrix, the composite will still 
be weak. If the fibres are strong and effectively loaded in the 
matrix, then substantial increase in static and dynamic strengths is 
possible. 
In practice, there are a mnber o_f other parameters which have to be 
considered when detennining the influence which steel fibres will · 
have on a concrete matrix. 
PARAMETERS INFLUENCING cn11U)ITE STRENG'IB 
Table 4. 1 lists most of the factors which will affect the strength 
of a composite. These factors can be divided into two categories, 
namely, those contributing to the fibre strength and those 











Table 4.1 Factors contributing to the strength 
of a fibre composite 
A FIBRE CX?N'IRIBtJrIOOS 
1. ULTIMATE STRENGl'H OF THE INDIVIDUAL FIBRES 
2 . COLLECTIVE ( i . e. bundle) STRENGI'H OF THE FIBRES 
3. VOLUME FRACTION IN THE ~ITE 
4. STRENGill vs FIBRE DIAMETER OR LENGrH 
5. STRENGTH vs TEMPERAWRE 
6. FRAcnJRE STRAIN (brittle vs ductile fibres) . 
B. . TRANSFER OF LOAD Fin1 MATRIX 'ro FIBRF.S 
(This relates to average stress of the fibres in 
the matrix) 
1. STR&SS-S'mAIN CURVES OF THE cnlSTI'IUBNTS 
2. FIBRE VOllf1E FRACTION 
3. MATRIX SHF.AR STRENG.rH AND SHF.AR t-IJDlJLl.5 
4. INTERFACIAL fOllD STRENGTH 
5. FIBRE CRITICAL LENGm 
6. FIBRE ASPirl' RATIO 
7. FIBRE DISTRIBl!l'ION 
8. FIBRE ORIENTATION 
34 
9. <Xl1roSITE FAIWRE r-KDE AND STATISTICS OF FIBRE FRAC1'URE 
Some of the more important factors, namely A3, B4, B5, B8 and B9 are 
discussed in greater detail below. 
4.2.1 Vol\.Dlle Fraction in the Composite 
It has been shown that while the inclusion of steel fibres in 
concrete matrices increases the cracking stress (between 35-80% as 
the fibre voltnne varies from 1.25-2.50%), the greater advantage lies 













. ( 42) crac ing • The cracked composite may experience a lower or 
greater load after cracking than the uncracked composite as shown by 
Figure 4.1 below. amb represents the load at which the unreinforced 
concrete cracks and cases (i) to (iv) show the result of increasing 
the fibre volume in the composite (assuning a fibre of adequate 




f'CSS\e:il.E. ~\ _ c;:v:.c,c. R.E.S~"-l SE 
iv 
Typical load deflection plots for SFRC 
beams in flexure 
All four cases show greater energy absorption than plain concrete, 
although multiple cracking of the composite is likely to occur in 
cases ( iii) am ( iv) endowing the composite with ~ much greater 
ductility. In order for the curve to follow that of cases (iii) 8lrl 
( iv) the qua.nti ty of fibres added must exceed the CRITICAL FIBRE 
VOUJME (VfCRIT) • This critical voltme is defined as the volume of 
fibres which, after matrix cracking, will carry the loed which the 
composite sustained before cracking. Hannant gives the following 
formulae to calculate the minimum fibre volume necessary to achieve 













1 D Vf(MIN) = 0.41 - m 't' 
2 D 
amb 1 
Vf(MIN) = 0.64 - TTf5 't' 
3 D 
amb 1 
Vf(MIN) = 0.82 - T7T5 T 
where is the matrix cracking strength, 'T: AV the average 
interf acial borrl strength and I. ID the aspect ratio. 
Where the SFHC specimens are subjected to \ll'liaxial direct tension, 
the determination of the critical fibre vol\.llle is far easier. A 
grarfiical representation of the critical fibre volume is shown in 
Figure 4.2. It can be seen that the slope of the line afu V f 
affects the intersection at which the critical fibre volume is 
reached. The strength o  the composite reinforced with fibre 
volumes in excess of Vf(CRIT) is given by afu Vf where afu is the 
fracture stress or pull-out stress of the fibres. 'Illus, for fibres 
which generally pull-out at failure the bond strength is the 
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Figure 4.2 : Graphical plot of critical fibre voltime position, 











It should be noted though that if the lx>nd strength is small 
compared with the matrix strength, failure occurs as soon as the 
b::md is broken. 
4.2.2 Fibre Critical Length 
In SFRC an important design parameter is the length of the fibre 
which should be strh that the maximlln strength of the fibre can be 
utilised. This length is COlllDOnly refered to as the CRITICAL LEt«mI 
(I. ) , and is defined as the mini.nn.m length required to cause fibre 
c 
failure in a pull-out test. Usually, if the fibre length is smaller 
than the critical length composite failure will occur by fibre 
pull-out, whereas for fibre lengths greater or equal to the critical 
length the fibres themselves will yield at ultimate failure of the 
composite. 
The critical fibre length can be determined fran the 
relationship< 45 > 
I. c 
where a fu is the ultimate strength of the fibre, d the fibre 
diameter and "f:AV the average interfacial lx>nd stress. Argon and 
Shack have theorised that for fibres to have any effect at all on 
the first-crack strength of a concrete composite, they DL1St have a 
minimum effective length of 
t 




where r is the fibre radius, e. the strain in the extreme tensile 
0 c 
layer and the other s)'llllx>ls.having their usual meening< 47 >. If the 













any post-cracking behaviour the fibres would then have to support 
that portion of the stress previously carried by the matrix prior to 
cracking. 'Ibis defines a minimlm effective length for post-cracking 
behaviour 
'- t m pos = 
E. E 
2 r c c 
o -rb vf 
Finally, if 
t ro ff 
4 > rrb the fibres should yield in failure instead 
of being pulled out at composite failure. The fibre strength ff has 
the same value as a fu , the symbol designated merely differing 
between authors. Upon reflection, the last fonnulae proposed by 
• Argon and Shack is of the same form as that given by Kelly for t • 
c 
4.2.3 Interfacial Bond Strength 
The tensile stress and the bond stress distribution along an elastic 
fibre length (t < t ) embedded in a non-ductile matrix are shown in 
c 
Figure 4. 3 below. 'Ibis shows that the bond stress is linear along 
most of the fibre's length, nonlinearity being confined to the ends 
of the fibre only. 
Variation of fibr« 
t«nsil« stress 
Variation of lnt«r-
foclol sh«or strHs 
Figure 4.3 : Assumed interfacial bond stress distribution 











To simplify calculations it is assumed that the bond stress 
distribution is linear throughout. It should be noted that 
considerable differences of opinion exist on the validity of this 
assumption ( 48 ' 49 ) , however, there is general agreement that . if 
failure occurs through fibre pull-out then the bond stress remains 
linear over the whole length of the fibre beyond the crack. 
The detennination of the bond stress is usually achieved by 
conducting bond tests. A typical bond stress vs displacement 
diagram for a SFRC specimen is shown in Figure 4. 4. P is the 
maximum load which can be carried by the composite beyond which 
fibre pull-out occurs, which is seen by the drop in load carrying 
capacity. The load carried beyond point P results from the 










Typical bond stress-displacement diagram for SFRC 
A somewhat different method of determining the bond stress has been 
suhnitted by Swamy and Mangat, which utilises the test results of 
several authors applied to a theoretical determination of the bond 
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4.2.4 Fibre Orientation 
A substantial amount of analytical work has been reported to 
evaluate the effect of fibre orientation on the concrete matrix. 
Most of the investigations have assl.Ulled that the matrix and the 
fibre behave elastically and that there is no relative slip between 
the fibres and the matrix. This asstDnption is valid only up to the 
point iutnediately prior to cracking of the matrix, because only 
after matrix cracking does the contribution of the fibres become 
apparent. As such the fibre reinforcing is expected to exert a very 
small influence on composite behaviour within the limits of elastic 
defonnations. 
In the region before matrix failure strain is reached, Laws 
considers that a length efficiency factor for an aligned short 





- 2T e.fu 
Since the ultimate strain of steel fibres e.fu is much higher than 
that of concrete, the length efficiency factor will unlikely be less 
than 0.98 , i.e. nearly unity. Allan, however, considers that for 
thin laminates a fibre orientation factor should be applied in 
addition to the length efficiency factor(Sl) 
I. ~ e e c q e -r-r c 
e 
e ~ e 1 
c 
fJ e = - '2"""T c 
It can be seen from his length efficiency factors that when the 
length of the aligned, discontinuous fibres in the composite is 
critical, the composite is only 50% efficient compared to one with 











The orientation of the fibres relative to the direction of stress 
( for the composite in the tmeracked state) can be allowed for by 
multiplying the fibre volume (Vf) by orientation factors (q~) , some 
typical values of which are given in Table 4.2. 
1/o according to 
Fibre orientation Cox K renchel 
1-D aligned l l 
2-D random in plane ! i 
3-D random ! ! 
Table 4.2 Factor (q ) for a given fibre orientation relative 
0 
to the direction of stress 
In practice, however, it seems irrelevant to try and accurately 
quantify values for (f7e) and (17
0
) • This is because the fibres have 
marginal influence on the composite in the W1Cracked state as 
mentioned and because the variability of concrete occurring even 
within the same mix would nullify any precise factors which are 
applied. 
The situation changes drastically, however, once the composite has 
cracked. The following parameters now become of influence in 
detennining the ultimate strength of the cracked composite : 
( i) the orientation of the fibre 
(ii) the length of the fibre, and 
(iii) the sliding frictional bond. 
The length efficiency factors previously given now increase because 
as the crack opens the fibres tend to pull into line with the 













Figure 4.5 Realignment of fibres due to crack opening 
The variation of strength with the orientation has been widely 
studied( 52 •53 ) perhaps the most conclusive being those reported by 
Naaman ( 54 ) . He experimentally detennined that for fibre 
orientations less than or equal to 45° to the direction of stress, 
the peak load on pull-out was of the same order as for fibres which 
were aligned parallel to the direction of maximlDil stress. Beyond 
orientations of 60° to the ma.ximtun stress, the pull-out load 
decreased drastically due to disruption of the concrete wedges at 
the root of the fibre. Brandt has calculated the optimal values of 
orientation relative to the axis of maximllil stress, and has shown 
that the total fracture energy of the composite is at its maxim1..111 
when the orientation of the fibres is at 35° maximum ( 55 ) • These 
findings show that orientation factors applicable to pre-cracked 
composites cannot be used to detennine or explain post-cracking 
behaviour. An interesting approach by Laws involves the combination 
of the orientation and length efficiency factors to arrive at a 











factor proposed by Laws, which is derived from considerations of the 
fibre orientation, length and bond stress (static interfacial "t' and 
s 
sliding frictional "t' )(S6). 
ex 
Table 4.3 Efficiency factors for post-cracking 
strength calculations 
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All the efficiency factors in Table 4. 3 above relate to the case 
where no sliding frictional bond stress occurs once the fibre starts 
to slip, pull-out. However, in order to take accatmt of the sliding 
or ploughing frictional bond stress ("t' ), the tenn 
ex 
is simply substituted for e in Table 4.3. c 
'llle total efficiency factor can be conveniently read off from Figure 
4.6 where the solid lines represent 't' = 0 ' ex 
(for values "t' < 't:' simply interpolate). 
ex - s 



















Figure 4.6 : The total efficiency factor q as a ftmction 
of the ratio of fibre length to critical fibre length 
44 
So far little attention has been given to the role of the sliding 
frictional force during fibre pull-out on the strength of SFRC, and 
no measurements have been reported. From Laws' deduction above, it 
would appear to be an important point warranting further 
experimental work. 
A different approach is used by Schnutgen, whereby various 
efficiency factors are applied to a derived strength equation; 
e 
crcb = crmb[l +qt qo Vf(n - l)] + 2 TULT IT q Vf 
the symbols having their usual meanings. Factor q e is the factor 
for the fibre aspect ratio which can be detennined from Figure 4.7 .. 
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If the composite fails by fibre pull-out, it has been shown that the 
mean pull-out length is (t/4)( 58 ). If the pull-out length was equal 
either side of the crack, t/eu would equal tmity, and thus for a pull 
out length of (i/4) Schntitgen assigns 'ltu a value of 0.5. The value 
of q has to be determined experimentally; q takes into accotmt the a a 
fact that fibres are forced to align in the direction of major 
stress once cracking has occurred, prcxiucing additional frictional 
force between the fibre and the matrix. 1his agrees with the 
findings of Naama.n and Brandt, mentioned previously. Unfortunately 
SchnUtgen only makes reference to factor t/d which accotmts for the 
random orientation of small length steel fibres, without giving 
usable values. 
Perhaps the most simple though widely used efficiency factor is that 
proposed by Romualdi and Mandel; they showed that the effective 
length of N m.unber of fibres in the direction of principal stress 
is ( 59); 
I.. EFFECTIVE = 0.41 x I.. 
Therefore the effective volume of the fibres in the direction of 
stress is; 
n d2 = ~ x 0.41 x t x N 
Since the total volume of fibres 
n d2 












Some of the factors reviewed are derived purely theoretically, 
others have been obtained from theory made to fit experimental 
results. Additionally, since most research work is conducted with 
differing fibres and mixes, it is difficult to correlate results to 
determine fibre behaviour. On this accotmt the choice of factors 
should be made carefully, with testing conditions approximating 
those in the derivation of such factors. 
4.2.5 Composite Failure Mode 
When a fibre reinforced concrete specimen is tested in tension up to 
failure, various failure mechanisms can develop. 'lhese mechanisms 
include single or multiple cracking of the matrix, fibre pull-out, 
fibre debonding over a limited zone on either side of the crack and 






















These failure mechanisms will also manifest themselves in flexure 
and compression testing in which tension forces detennine composite 
behaviour. The occurrence of one mechanism or another depends on 
the fibre reinforcing parameters, the fibre-matrix interfacial bond 
and the rate of loading. Generally SFRC with discontinuous fibres 
exhibit a single macrocrack at failure while composites with 
continuous fibres typically fail by multiple cracking in 'the matrix, 
fibre debonding on either side of the cracks and fibre straining to 
failure. 
FAILURE OODE Fm i < l ----------------------c In SFRC in which the randomly oriented 
fibres are of short lengths, fibre pull-out invariably occurs at the 
failur~ of the composite since the effective length of each fibre in 
the direction of stress is less than the critical length ( i ) 
c 
When the composite cracks, those fibres bridging the crack take on 
the load previously supported by the matrix. At this stage the borxl 
stress corresponds to the average bond stress ('?:AV) and bond slip 
begins. Upon further loading, progressive debonding of the fibres 
occurs in tandefu with slow crack propagation. Multiple cracking may 
occur, but only if the surface geometry of the steel fibres is such 
as to involve considerable bond resistance (e.g. Dramix fibres). 
Ultimate failure occurs when the interfacial shear stress reaches 
the ultimate bond strength (l: ) between the fibre and its 
u 
surrounding concrete matrix. This stage is signified by unstable 
crack propagation and failure by fibre pull-out. It should be noted 
that the ultimate shear stress ('?: ) at failure differs from the 
u 
average interfacial shear stress (rAV) in the initial phase of fibre 












Since ultimate failure occurs by fibre pull-out, it is obvious that 
the tensile strength of the fibre is not fully utilised. While roost 
fibres are made of high tensile steel it would be sufficient to use 
mild steel. Provided that the steel fibres are sufficiently long 
enough to get a good bond grip and/or have some form of end 
anchorage, there should be no reason why fibres made of mild steel 
should not provide greater strengthening than plain rm.md, high 
strength fibres. 
FAill.JRE l'K)DE FOR e > e When pull-out of the steel fibres succeeds ----------------------c 
cracking for a direct tension test, the ultimate strength can be 
approximated by the "rule of mixtures" theory as given in section 
3.3, equation (3.1). In the case of a composite with 
supercritical length fibres ( i . e. l > e ) , it has been shown that 
c 
the strength of a composite in direct tension is equal to that of 
the fibre only. 'lbus, in the case where the composite fails due to 
fibre fracture, the "rule of mixtures" is inapplicable in predicting 
the ultimate strength(GO), 
After cracking of the matrix has occurred that portion of the stress 
previously carried by the matrix is transmitted to the fibres 
bridging the cracked zone. 'lbe subsequent behaviour of the 
composite will depend on whether the fibres can withstand the 
additional load, i.e. 
If they can, the load is transferred back into the matrix over a 











broken down into a series of blocks of length between x• and 2 x• • 
'Ibis theoretical approach is described in reference (43). Various 
authors have theorised that the ultimate strength will be given by 
Hannant, however, has shown that the ul ti.mate strength 
will be less than this, because a portion of the fibres will have 
one end within a distance of (t /2) of a crack and will therefore c 
pull out instead of fracture. He gives the following equation for 
detennining the ultimate failure stress; 
= [i -~ct] "ru vf 
For SFRC beams tested in flexure, the same condition will apply. 
Additionally; the fibres bridging a crack are not all subjected to 
the same stress as would be the case in a direct uniaxial tension 
test, the extreme fibres experiencing higher stresses than those 
within the specimen depth. This is demonstrated in Figure 4.10. 
Fimire 4.10 : Sketch showing the progressive debonding of 
fibres during which slow crack propagation occurs 
4.2.6 Which factor counts most? 
The answer to such a question would IDOSt probably be based along the 










"If I get a very strong fibre, make it 
long enough so that it yields rather th.an 
pulling out at failure (or shape the 
fibre cross-section such as to obtain the 
highest possible bond strength resulting 
in fibre-yielding) and place these fibres 
in the direction of maxi1JRJ111 stress, then 
the resulting composite strength will 
improve substantially. Since the 
composite strength increases with 
increasing volume of fibres, the roore 
fibres I put in, the stronger it will 
be". 
51 
F.a.ch of the reasons given to justify the choice of fibre length, 
shape, orientation or quantity is correct when viewed on its own. 
But, when all the factors are considered collectively, a rather 
narrower selective margin is defined. The following "discussion" 
refers. extensively to Table 4.1, factors given therein being 
designated in parenthesis, e.g. fibre volume fraction is referred to 
as (B2). 
The use of high strength fibres (Al) would be expected to have a 
substantial effect on the composite strength. Since the bond (B4) 
increases with increasing length and diameter of the fibre (B6), it 
fallows that the longer the fibre, the greater the effect of the 
fibre on composite strength. Along this line of reasoning, it would 
appear desirable to have a sufficient fibre length (B5) so as to 
cause failure of the fibre (B9). In practice however, for fibres 
with an aspect ratio in excess of 100, there is a limit to the 
volume of fibres which can be added to the mix ( A3) , because beyond 
2% (for some mixes even 1%) the fibres begin to bundle up resulting 
in non-unifonn fibre distribution (B7) or inadequate workability of 











Assuming that a fibre of adequate strength ( i.e. one which 
preferably yields gradually (A6) is chosen with particular 
dimensions, it must then be ascertained what volUllle needs to be 
added (B2) to bring about the required strengthening of the matrix. 
Fortunately, the choice of steel fibres is facilitated by the use of 
guides and reports for specific applications, published by research, 
. t' t t' (SO) ins i u ions or companies producing fibres. These reports 
discuss the type and volume of fibre, mix proportions, placing and 
curing conditions best suited for different applications. Most will 
cOlllllent upon the influence which the fibres exert on the composite 
material properties. 
4.3 INFLUENCE OF STEEL FIBRES ON MECHANICAL PROPERTIES 
4.3.1 Compression 
The effect of steel f bres on the compressive strength of concrete 
is variable and it has been established that strength increases are 
generally less than 25% for concrete at a fibre volume (Vf) of 1.2 -
2%. Tests carried out on SFRC at different strain rates (one 
constant and one variable rate) however, yielded increases varying 
from 15% to 40% respectively(Gl). Inexplicably there appears to be 
no increase in compressive strength for mortar mixes. A survey 
conducted by Johnston showed similar low findings, which illustrates 
that steel fibres should not be included in concrete purely to 











Research has shown however, that the addition of fibres to the 
concrete leads to a marked change in the stress-strain response of 
specimens subjected to compression. The volume and aspect ratio 
( e /D) greatly influence the peak strain and descerrling portion of 
the stress-strain curve; as shown in Figure 4. ll(a) and (b) (S3 >. A 
significant increase in ductility is imparted to the compression 
specimen, which is not apparent in plain concrete. This toughness 
in compression will help prevent sudden and explosive compressive 
failure, tmder static or dynamic loading. 
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Figure 4.11 : Influence of the voltme fraction Vf(a) and the aspect 











It should be noted that smaller test specimens (especially 
cylinders) tend to give different strengths for the same concrete, 
and steel fibres may exaggerate these differences. Additionally, 
since fibres tend to align in planes at right angles to the 
direction of vibration(S4 ), these differences will be magnified when 
comparing cylinders and cubes. Because cubes are rotated 90 degrees 
before testing, the fibres will lie more parallel to the line of 
applied stress, compared to cylinders where the fibres lie more 
perpendicular to the applied force. This increase in lateral 
reinforcing will render the cylinders noticeably stronger. The size 
of the compression specimen should therefore be reported together 
with test results before comparisons with other experimental test 
data can be made. 
4.3.2 Direct Tension 
The stress-strain behaviour of a SFRC specimen subjected to tmiaxial 
tension is shown in Figure·4.12 below(SS). The plot shows a sudden 
drop after an initial peak, signifying where failure of the matrix 
occurred. Thereafter a decreasing residual tension stress remains 
due to the frictional forces between the fibre and the matrix. The 
descending portion may also be attributed to successive fibre 
failure with corresponding drops in stress. 
It has been confinned that at fibre volumes up to 3% by volume, the 
maximum tensile strength increase is 30% and the maximum strengths 
rarely reach 5 MPa. Evaluation of results illustrated that the 
maximum tensile strength depends chiefly on the aspect ratio (C/D) 





















Figure 4.12 Stress-strain curves for SFRC in tension (Vf = 1.73%) 
fibres used, the resulting tensile strength increase is also small, 
and does not justify the additional fibre costs. 
4.3.3 Flexure 
The flexural (or bend) test has been used extensively to measure the 
strengths of SFR concretes. The simplicity of the test procedure 
makes it an ideal test whereby the results from different authors 
can be compared. 
The test can be conducted in one of two standard. ways (see 
Chapter 5); 
( i ) the Third-Point Loading Test, or 
(ii) the Centre-Point Loading Test. 
Each method has its advantages and disadvantages, al though various 
argunents have been forwarded concerning the reliability of the 











From the various surveys and extensive experimental work which has 
been conducted on SFRC beams, two important design parameters have 
emerged which have a major influence on the flexural strength; these 
are the fibre volume (Vf) and the aspect ratio (t/D); an increase in 
either resulting in higher flexural strengths. Although section 4.2 
exemplified the large nlDllber of factors which influence the strength 
of SFRC, there is general agreement between authors that the 
flexural strength increases evenly with the voltane and aspect ratio 
f th f 'b (67-69) o e 1 res . 
The addition of steel fibres to concrete unmistakeably delays the 
onset of flexural cracking of the concrete matrix; increases in 
cracking strength varying between 35% to 80% as the fibre volume 
varied between 1. 25% to 2. 50% ( 70 ) • Steel fibres up to about 4% by 
volume were found to increase the first-crack flexural strength of 
the composite up to 2% times the strength of the unreinforced 
matrix ( 71 ) , which seems to be in agreement with other reported 
results( 72 •73 ) • 
. The greatest influence of the fibres though, is on the ultimate 
flexural strength. For fibre volumes of 1.25% to 2.50% the ultimate 
flexural strength may increase between 70% to 200%! Moduli of 
rupture (r-DR) up to 10-15 MPa are possible although COlllOOn values 
average around 7 MPa, compared to the flexural strength of 4 to 4.5 
MPa for plain concrete. Extensive testing by Hughes and Fattuni, 
using a variety of fibre types and shapes, showed a maximum ultimate 
flexural strength increase of 98% for hocked and Duof onn steel 











that the ultimate flexural strength increased significantly with 
increasing aspect ratio and fibre anchorage (in the fonn of surface 
deformation) (75 >. Figure 4.13 shows the results obtained from 
Edgington for mortars and concretes reinforced with fibres of 
various (l/D) ratios and wire strengths. 
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Figure 4.13 
4.3.4 Toughness 
Percent091 content of fibres 
Flexural, direct tensile and torsional 
strengths of SFRC 
If the load-deflection plots of two beamlets, one plain and one 
reinforced with fibre, are compared, two observations become 
apparent : 
( i) the plot for the unreinforced beamlet will show a near 
vertical drop in load capiei ty almost imnediately after 
cracking has occurred, i.e. ultimate flexural load has been 
reached; 
(ii) the fibre reinforced specimen plot may have a higher 
ul tima.te strength and in most cases there is a gradual or 












Figure 4 .14 is a schematic representation showing how the plain 
concrete load-deflection plot differs from that of a steel fibre 
reinforced concrete specimen. 
i~o--~~ 
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Figure 4.14 Load-deflection curves for plain concrete and 
steel-fibre concrete 
Greater energy is required to crack the SFRC beamlet and more 
importantly, to cause these cracks to widen until ultimate failure 
occurs. This energy absorption characteristic of SFRC over 
reinforced concrete is COlllOOnly ref erred to as toughness, post-
cracking ductility or energy absorbing capability. Under static 
loading the toughness can be evaluated by calculating the area under 
the load-deflection curve up to a predicted deflection. In order 










has been proposed ( 76 ) ; 
TOUGHNESS INDEX (TI) 
AREA UNDER LOAD-DEFLECTIOO aJRVE 
UP 'ID 1. 9t+t DHFLF.CTIOO 
= AREA UNDER tDAD=DEF'LBci'!ON CURVE 
UP 'ID FIRST-c:RACK 
59 
Shah and Rangan, and Blood were the first researchers to JEaSure 
toughness, but tm.forttinately their index numerator incorporated the 
whole load-deflection curve ( 77 ) • '!heir indexes were thus very high 
and most probably encompassed situations where the crack(s) were 
unacceptably wide in teI111S of serviceability regulations. Various 
modifications to the Toughness Index are used today which take into 
account the serviceability static limits as regarding the degree of 
cracking and crack widths. 
Extensive testing by Henager revealed total energy absorption ranges 
from 113 J to about 452 J (for total deflection of 1.9nm) while the 
energy to first crack centred around the 11 to 14 J. 'lbe Toughness 
Index thus varied between 12 and 45 ( 78 ) • An increase of over 20 
times in the toughness of concrete was reported by Hughes, using 
0.64 x 59nm ordinary Duform fibres< 79 >. 
At present no documented correlation between the Index and the 
actual performance of SFRC in the field is available. 'Ibis should 
be investigated enabling the Index to measure a meaningful property 
instead of a statistical comparison between plain and fibre 
concretes. 
4.3.5 l)ynami.c Strength 
'Ibe effect of steel fibres on the compressive, tensile, flexural and 











is required to ca.use failure. 'Ibis improvement is most marked when 
a SFRC specimen is subjected to dynamic loading, 'lhe increased 
impact strength and the resistance to spe.lling and fragmentation of 
SFRC has attracted its use in pavements, airport runways, explosion 
shelters and structures in regions of earthquake activity. 
Several methods for testing the impe.ct resistance of a SFRC have 
been developed; such as the swinging pendulum, the falling ba.11, the 
Charpy and the Izod tests on beams to name a few. Improvements in 
impe.ct resistance of 3-10 times and greater for SFRC compared to 
plain concrete have been reported. A series of tests carried out by 
Verhagen on most of the current impact test methods revealed however 
that no correlation between these tests was apparent (SO) • 
Consideration of the variability of the impacting mass, velocity, 
size, support rigidity and even definition of failure between tests 
tends to support Verh.agen's findings. 
One impact test which appears to be used increasingly worldwide 
involves the use of a 10 pound hanmer which is dropped from a set 
height onto a steel ball, which rests on a cylindrical SFRC 
specimen. For SFRC concretes the number of blows to failure may be 
several hundred, compared to the 30-50 blows required to fail plain 
concrete specimens ( 81 ) • 'Ibis test is described in Chapter 5, 
section 5.4.5. 
4.3.6 Creep 
Since the volume of fibres which are incorporated in fibre-
reinf orced concrete is usually small, the creep behaviour is 











on tests performed by Edgington et al over a period of 12 100nths 
revealed no significant reductions of creep strains of the 
composite ( 82 ) • Unf orbmately, this is the only data available on 
the effect of steel fibres on concrete creep. 
4.3.7 Fatigue Strength 
For a given type of fibre, significant increase in fatigue strength 
occurs with increasing voltnne of steel fibres. The mix proportions 
and fibre type will also affect the behaviour of SFRC under fatigue 
loading. Surveys of experimental data from various researchers 
using different concretes and conditions, revealed that a linear 
relationship between the relative strength rating and the nllllber of 
load cycles to failure existed. The relative strength rating is 
defined as the ratio of the maxillltBll fatigue stress applied to the 
matrix cracking strength. Previous authors used the cracking 
strength of SFRC as the denominator and since the first-crack 
strength of SFRC was usually higher than that of the unreinforced, 
plain matrix, the fatigue strengths of SFRC were mostly underrated. 
Figure 4.15 contains flexural fatigue data (Landers and Bailey's) 
which has been rectified to remove this inconsistency. 
The bottom line refers to the Portland Cement Association's (PCA) 
design curve for airport pavements. All the modified data is seen 
to lie above the PCA design curve, even for fully reversed loading. 
About half the points lie above the stress ratio of units, 
emphasizing the enhanced fatigue strength while the steel fibres 
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NUMBER OF LOAD CYCLES TO FAILURE 
Figure 4.15 Performance of SFRC subjected to cyclical 
flexural fatigue loading<B3 ) 
In general, a properly designed SFRC will sustain a.bout 90% of the 
static strength at 2 x 10• cycles when non-reversed loading is used. 
When full-reversal of load is used, fatigue strength of about 70% of 












Before addition of the steel fibres to the concrete mix, their 
surfaces will have corroded slightly forming an insoluble oxide 
film. During the hardening phase of concrete made with OPC, the 
calcium silicate and tricalciun altanina.te hydrate f ormi.ng a highly 
alkaline material, i.e. of high pH. '!his will protect the fibre 
from additional corrosion, provided the film is not broken. This 
may occur, however, when the concrete cracks thereby exposing the 
fibres in the crack to atmospheric attack, or where carbonation 
lowers the pH of the concrete rendering the fibres open to attack if 
oxygen and moisture are present. Carbonation is a chemical process 
whereby Carbon Dioxide ( 002 ) present in the atmosphere reacts, in 
the presence of IOOisture, with hydration products. '!his neutralizes 
the alkaline condition of concrete, the pH dropping from over 12 to 
about 8 ( 85 ) • 
tests involving standard 152nm diameter x 
300nJn cylinders placed in environments of mild exposure, marine 
conditions and polluted industrial atmosphere showed : 
(i) slight rusting of surface fibres after 7 months, and slight 
surface deteriorations, even after 57 months for the DK>st 
corroded set of specimens; 
(ii) small differences in carbonation depths between sites. 
Carbonation depth was less than 5nm after 5 years in dense 
concrete. Occasional rusting occurs at 6om depth for those. 
specimens subjected to marine environments< 86 ). 
Another study on cement mortar reinforced with 2'X volune of steel 











in flexural· strength for specimens which had been repeatedly 
inmersed and removed from saturated salt water for 90 days. In long 
term tests on SFRC at the Ba.telle Laboratories, Ohio, minimal fibre 
corrosion and no adverse effect on the flexural strength after 7 
years exposure to de-icing salts was observed, corrosion of steel 
fibres occurring at or near the concrete surface only. Additional 
testing by the Ba.telle Developnent Corporation on the compressive 
strength of steel fibre reinforced mortar continuously inmersed in 
seawater for 10 years, showed only a 15% loss in strength(S7 ). 
CRACKED CONCRETE because of the toughness of SFHC under 
flexural loading, its applications will most likely involve 
situations where it is in the cracked condition. Unfortunately, 
these cracks enable carbonation to occur deeper within the matrix 
than would be possible in the uncracked state. 
Hannant and Edgington conducted tests on cracked beams which had 
been subjected to marine environments for 11 months,· and found· 
greatly increased carbonation and fibre corrosion local to the crack 
when compared with uncracked beams. The depth of carbonation varied 
according to the crack width, with 45nm, 30nm ·and 15nm depths 
resulting from 0.4nm, 0.3nm and O.lnm wide cracks respectively. Two 
types of fibre were used (0.25111D diameter x 25nm and 0.50um diameter 
x 50nm) to investigate the effect of rusting on the strength of the 
composite. Al though severe rusting had occurred after 11 months in 
those specimens with wider cracks, there was a general increase in 
load caJBCity! The authors attributed this behaviour to improved 











It is well known that roost failures in SFRC occur due to fibre pull-
out, resulting in the fibres not being stressed to their ultimate 
strength. A slight degree of rusting should therefore have no 
adverse effect on the fibres and their strengthening of a concrete 
matrix. The results of Hannant and F.dgington should be used 
carefully however, because increased and prolonged exposure to 
aggressive environments will eventually reduce the fibres' 














(EFFICIENCY AND IR:>VING RIASE) 
66 
Steel Fibre Reinforced Concrete has found widespread popularity and 
is used in numerous applications in Europe and America. In South 
Africa, SFRC·is still in its infancy mostly due to the conservative 
attitudes prevailing in the building industry. Some encouraging 
work has been conducted on fibre-reinforced concrete at the 
University of Stellenbosch by Mr G Maritz. However, a major problem 
encountered during this research was that of finns discontinued the 
production of steel fibres due to the lack of demand. Indeed, one 
of the companies which was supplying the author with two different 
steel fibre types actually stopped production of the one type during 
the initial stage of the experimental progranme. 
5.2 OBJECTIVES OF THE STUDY 
The first step of the progranme was therefore to find out what types 
of steel fibres were available, whether produced locally or 
impcmted. Five different fibre types were obtained, the details of 
which are given in section 5.3. These fibres were then subjected to 
a series of tests to determine their influence on the mechanical 
properties of a concrete matrix. These tests formed the"Efficiency 












The galvanised mild steel fibres of aspect ratio 100 were produced 
by cutting up 50 kg spools of "Galvanised Process Wire" which was 
obtained from Consolidated Wire Industries, Cape Town Branch. The 
spools were cut into fibres at Allan's Meschco in Cape Town. 'Ihis 
wire is coomonly used as binding wire for fencing applications. 
Plate 5.1 shows bundles of binding wire, ME430(35), ME430(25) wire 
and Shred.die fibres from left to right, with single fibres 
descending in the same order. 
Plate 5.1 The five steel fibre types tested 
The results of tensile tests conducted on some Binding Wire fibres 











STEEL MF.SH The wire mesh used as reinforcing in the Application 
Phase testing is conmonly ref erred to as "gtmi te or swinmi.ng pool 
reinforcing". The wire diameter of 3 .15nm was the same both ways, 
the spacing of the wires being 50 x 50um. This spacing resulted in 
a cross-sectional area of 156nm2 per metre length of mesh. 
Tensile tests carried out on several small lengths cut from the mesh 
sheets yielded an average tensile strength of 500 MPa (see Appendix 
B.2 for test results). 
All specimens had the same concrete composition, the 
basic constituents being Ordinary Portland. Cement (OPC), Klipheuwel 
well graded sand and crushed Malmesbury hornfels aggregate with a 
maximum size of 13nm. All the sand used was air-dried prior to 
mixing, by spreading a thin layer on concrete flex>rs and allowing 
the sand to reach a consistent moisture content less than 1%. This 
facilitated quicker production of the required concrete workability. 
The mix proportions cement:sand:stone by weight were 1:2.53:2.53 
with a water/cement ratio of 0.52. The mix design was chosen so as 
to have a workable mix after fibre addition, the sltlllp of the 
l.lllreinforced mix being 90rmt. The mix yielded a concrete strength of 
approximately 30 MPa after 7 days curing, after which all the 
specimens were tested. Table 5. 2 gives the mix proportions per 












Table 5.2 Mix design 
STONE 937.30 kg 
SAND 937.30 kg 
CEMENT 370.67 kg 
WATER 192.75 l (kg) 
FIBRE (% by volune) 
0.75% 54.86 kg 
1.50% 109.71 kg 
2.25% 164.57 kg 
5.4 EFFICIENCY AND PHOVING PHASE 
Five separate groups of test specimens were tested, group A,B,C,D 
and E representing concrete reinforced with Shreddic, Wirand, 
ME430 ( 25) , ME430 ( 25) and Binding Wire respectively. Within each 
fibre group, 3 sets of specimens were made and tested, the first set 
reinforced with 0.75%, the second set with 1.50% and the third set 
with 2.25% fibres by volume. 
Generally, the shorter the steel fibre, the greater the quantity 
that can be mixed with and distributed throughout the concrete 
matrix. The addition of increasing concentrations of fibre to the 
mix would therefore serve a dual purpose; 
( i ) to detennine the maxinn.nn degree of reinforcement (as a 
function of the length or aspect ratio of the fibres) which 











being that where workability problems due to fibre-balling 
cxxurred; 
(ii) to examine the effect of different fibre shapes, aspect 
ratios and fibre concentrations on composite strength. 
The standard Modulus of Rupture (r-DR) test was performed on each set 
of specimens. This test was chosen because of the simplicity of the 
test setup and ease of operation. More importantly, the results 
obtained could then be compared with other doctlllented research 
results, many of which haved used the r-DR test. Shear strength 
tests were then conducted, utilising the fractured prisms from the 
flexure testing. 
A flow chart of the efficiency and proving phase tests is shown in 
Figure 5.1. 
CBXJP 
E I GOOIJP A --Shreddic 
E ClROOP B --Wirand 
E GlDJP c --MB403(251 
E CRXJP D --MB403(35) 
ClROOP E E Bindina Wire - -
SEI' I - C0.75"l 
SEI' 2 - < l .50%l 
SET 3 - (2.25"> 
SFI' 1 - (0.75") 
SIIT 2 - ( 1. 5°"1 
SBT 3 - (2.25") 
SET 1 - (0.75"1 
SET 2 - ( 1. 5°"1 
SIIT 3 - (2.25"1 
SIIT 1 - (0.75") 
SET 2 - < 1.50%) 
SIIT 3 - C2.25"l 
SEI' 1 - (0.75"1 
SET 2 - C 1. 5°") 

















5.4.1 Flexural Strength Testing 
APPARATUS A 'Denison' Universal Testing Machine with a load 
capacity of 500 kN was used to determine the flexural strength of 
the five different groups of fibre-concrete, using a simple beam 
with third-point loading (Plate 5.2). 
Plate 5.2 The 'Denison' Universal Testing Machine as 
viewed from the front 
SPECIMEN PREPARATION The volume of concrete mixed for each set 
of specimens was chosen so as to make nine lOOnm wide x 60nm deep x 











The stone, sand and cement were first placed in a pan mixer and dry 
mixed for roughly 1 minute. The required water was then slowly 
added and mixing continued for about 3 minutes. 'Ihe slump of the 
fresh mix was measured and adjustments made, if required. Mixing 
was continued for 1 minute, then stopped and three 100 x 60 x 500nm 
prisms and nine 100 x 100 x lOOnm cubes cast, the test specimens 
being compacted on a vibrating table. While the cubes and prisms 
were cast, the mix in the pan mixer was reworked once or twice with 
a trowel to prevent segregation. A precalculated mass of the plain 
concrete mixture was weighed off in a steel bucket, covered with 
plastic sheeting to prevent any moisture loss and set aside. 
The mixer was restarted and a selected mass of steel fibre slowly 
added to the remaining mix by manually shaking handfuls of fibres 
into the pan. Protective leather gloves of the type worn in welding 
workshops were used to handle the fibres, because of the ease with 
which the thinner fibres pierced any exposed skin. The fibre 
addition period varied between 4-6 minutes, depending on the volume 
percentage of fibres added. The next three prisms were cast, the 
60nJn depth being made up of two layers. F.ach layer was firmly 
compacted with a tamper having a 98olll x 98nm bottom plate. The 
purpose of this was to force the fibres in the matrix to assume a 
predominantly horizontal orientation. 
The three remaining prisms were then cast. The fibre mix was used· 
to make up the bottom 30nm of the prism depth and the plain concrete 











to the required 60mn depth. The concrete in the bucket was remixed 
with a trowel to eliminate any segregation which had occurred, prior 
to being added to the prism moulds. Nine fibre concrete cubes were 
cast thereafter. The surfaces of the prisms and cubes were finished 
with a trowel during vibration. 
The reason for making nine prisms per set were as follows : 
the three plain prisms would provide a control, i.e. plain 
unreinforced concrete strength; 
the three partially reinf arced prisms and the three fully 
reinf arced prisms would show whether partial reinf arcing 
would impart the same strength to a concrete matrix as full 
reinforcing. 
Illlllediately after finishing, the specimens were placed tmder a 
polyethylene sheet at room temperature for 24 hours. They were then 
demoulded, labelled with a water resistant ink and transferred to a 
water storage tank to cure until tested. The water in the tank was 
maintained at a temperature of 22°C. 
FLEXURAL TESTING PROCEDURE The prisms and cubes were removed 
from the tank 7 days after casting and painted with white distemper 
paint. This aided the visual inspection of the prisms for cracking 
during flextiral loading. (The use of PVA or Micatex pa.int is 
advised against because of the elastic nature of the· dried pa.int. ) 
The paint was allowed to dry sufficiently, care being taken not to 
place the prisms in areas of draft. The prisms were then centred on 
the support bearings which had been set 400om apart. The head of 











in contact with the prism surface at the third points between the 
supports. Plate 5. 3 shows the test set-up of a prism loaded to 
failure. 
Plate 5.3 Prism undergoing third-point loading 
Once contact was reached, the load was applied at a constant rate of 
1 kN/min. The prism was constantly inspected until the first crack 
became visible. In most cases the applied load indicator would 
flicker slightly, sometimes even drop by 0 .• 1 - 0. 2 kN when cracking 
occurred. Loading would continue at the same rate until the 
ultimate load was reached. 
CALCULATIONS Where the fracture initiated within the middle 












ab , ab c .c c .u 
p t 
= bdZ 
where a cb.c ' acb.u = cracking, ultimate flexural strength (MPa) 
p = applied load as i.Irlicated by machine in N , 
for the relevant strength 
f, = span length (400nm) 
b = average width of specimen (100nm) 
d = average depth of specimen (60nm) . 
If the fracture occurred outside the middle third of the span by n..ot 
roore than 5% of the span length the t-lE was calculated as 
3 P a 
a , ab = cb.c c .u b d2 
where a = average distance between line of fracture and the 
nearest support (nm) . 
For fractures occurring beyond this point, the result was 
disregarded. 
5.4.2 Shear Strength Testing 
APPARAWS The same Denison Universal Testing machine as was used 
for flexure was used in the shear testing, al though different 
support and loading devi ces were required. 
The load-bearing rig in which the shear sample was fastened is shown 
in Plate 5.4. 
The base of the rig was prcxiuced by welding two 100 x 50mn channel 











Plate 5.4 Shear testing rig 
section of the channels . Four 16111Jl. diameter bolts passed through 
the 4 corners of the welded plate, the bolt ends being welded to the 
plate itself for rigidity. The shear specimen was placed as shown 
in Plate 5.4, and a t hick plate was then bolted down onto the 
specimen. For increased rigidity a 50 x 50 x 8nm angle section was 
placed on top of the uppermost plate, closest to the applied load 
before the bolts were t i ghtened. The load was applied vertically by 
a steel section which fastened onto the head of the testing machine. 
Plate 5.5 shows the shear testing set-up. 












Plate 5.5 Specimen failed under shear loading 
SPECIMEN FREPARATION AND CURING Fortunately the specimens used 
in the shear test were the same concrete prisms which had just 
undergone flexural strength testing. After the prisms had reached 
their ultimate load capacity, they were quickly loaded and strained 
until the prism broke into two halves, i.e. of the 9 prisms tested 
in flexure, eighteen samples became available for the shear strength 
tests. The shear test was performed inmed.iately after flexural 
testing had been completed. 
TESTING ma::EDURE The prism specimen was so placed on the 
support rig that the section of the prism outside the middle-third· 
of the span for flexural loading was protn.rling from the support 
plates. This ensured that the end-third of the span, which had not 
been subjected to the same failure stresses as the middle-third 











A lOOum long, 16nm diameter half-rmmd rod was placed lOnm from the 
support face of the rig, across the width of the specimen. A steel 
ba.llbearing was then placed on the centre of the rod, in the middle 
of the prism. The loading plate was then slowly lowered until it 
was in contact with the ba.llbearing. Loading proceeded at a rate of 
4 kN/minute until shear failure occured. 
CAI.£ULA.TIONS If the shear failure occurred at either the support 
face, the loading point or along the l<Aon space between the two, the 





where a = shear strength (MPa) s 
V = maxi.mun applied shear load (N) 
w = width of t est specimen (lOOnm) 
d = test speci men depth (60nm) . 
For those tests where t he prism cracked behind the support face, the 
result was disregarded. 
5.4.3 Cube Compression Tests 
APPARATUS 'nle 100 x 100 x lOOum cubes were tested in compression 
with an "Amsler" Compression Testing Machine of 3000 kN load 
cape.city. The loading range of 600 kN was used for testing. Plate 











Plate 5.6 Amsler caupression testing machine 
TESTING PRCCEDlJRE Three days after being cast with the flexural 
prisms, plain concrete cubes 1-3 and fibre concrete cubes 1-3 were 
removed from the curing tank. They were then loaded in compression 
at a rate of 150 kN/minute (i.e. 15MPa/min) until failure occurred. 
The same procedure was followed with plain and fibre concrete cubes 
4-6 and 7-9 after 7 days and 14 days respectively. 
As with conventional concrete, SFRC exhibits a gain of strength with 
time. The aim of the cube tests was to observe the effect of the 
fibres on the compressive strength of concrete with increasing 
curing periods, and how this effect varied with increasing 











CALCULATIONS The compressive strength of the 100 x 100 x lOOnm 
cube was simply calcula ted as follows 
where 
f f 
cu ' cf 











c ompressive strength of 
concrete cube (MPa) 
maximum applied load as 
(N) 
length of cube ( lOOmn) 
width of cube ( lOOmn) . 
5.4.4 Evaluation of Test Resu lts 
plain-cube, fibre-
indicated by machine 
The Law of Mixtures theory (Chapter 3, section 3. 3 ) was applied to 
the flexural strength results in order to determine the average and 
maximum bond strengths . Thereafter an ultimate flexural strength 
analysis based on conventional reinforced concrete beam theory (with 
the steel fibres taking the place of the normal reinforcing) was 
carried out to determine the volume of steel fibres required to 
impart the same strength to a concrete slab as a 50 x 50nm 
s paced, 3.151111l diameter wire mesh. The calculations gave a value of 
1.24% fibre by volLDDe, so a rounded value of 1.25% was chosen. 
The flexure and shear strength tests were then repeated on prisms 
reinforced with 1. 25% and 1. 50% binding wire fibres by voltme. The 
cent ral deflection of the prisms lll'lder loading was recorded with 
dial gauges (20nm deflection capacity). The load vs deflection 
plots obtained enabled the toughness of the fibre-concrete to be 
determined. 
The next phase of the test program involved impact tests on fibre 











essential to subject the different fibre-concretes to some f onn of 
impact test, before a fibre type selection was made based purely on 
the flexural and shear strength results. The American Concrete 
Institute (ACI) Impact Test was decided on. 
5.4.5 ACI Impact Test 
APPARATUS Examination of Plate 5.7 will facilitate the 
description of the testing apparatus. 











The equiµnent for the test consists of : 
a standard, manually operated 10 potmd haJJIJler with an 457nm 
(18 inch) drop (shown on left) 
a 62nm diameter steel ball (shown top right) and 
a flat rectangular baseplate on which four positioning lugs 
are welded, wi th a positioning bracket lx>lted onto two of 
the opposing lugs, as shown in the oottom right of Plate 
5 . 8. Appendix D contains the working drawings of the test 
equiµnent, showing the positioning bracket lx>lted in place. 
SPECIMEN PREPARATION 63. 5nm ( 2~ inch) thick by 152nm ( 6 inch) 
diameter concrete samples were required for the test. 
preparation is outlined below. 
Their 
Cement, sand, stone and water were weighed off in sufficient 
qua.nti ties to cast four 152nm diameter by 305nm cylirrlers and six 
100 x 100 x lOOnm cubes. Once the required workability of the fresh 
mix had been reached , three cubes were cast in two layers and 
compac ted on a vibrating table. Two cylinders were then cast in two 
layers, each layer being compacted by 25 strokes with a tamping rod 
(the same rod as used in a sltunp test) . The cy lirrlers were then 
vibrated briefly on the vibrating table, the surfaces being finished 
off during vibration. 
Next the preweighed 1.25% fibres by volume were slowly added to the 
remaining mix in the pan, the process taking alx>ut 4-5 minutes. 
Three cubes were cast, in three layers with each layer being 











were then cast, each i n 10 layers with each layer being compacted 
with the abovementioned rod. The surface of the cubes and cylinders 
were finished with a t rowel during vibration. The casting of the 
cylinders in 10 layers was chosen to see whether some sort of 
µu-allel could be drawn between the ACI Impact Test and the impact 
tests conducted on the slabs later on in the progranne. Since the 
bottom 30um half of the slabs were to be fibre reinforced, by 
casting the 305nm deep cylinders in 10 layers the fibres in both 
specimens would be forced into a predominantly horizontal, 
2-directional orientation. 
The cubes and cylinders were cured in the same manner as the 
flexural specimens. Seven days after casting, the cylinders were 
cut with a diamond saw into 63. 5nm deep cylinders . Because of the 
high slunp of the mix (90um), segregation sometimes occurred in the 
uppennost region of the plain concrete cylinders. Even the top few 
millimetres of the fibre-reinforced concrete cyclinders consisted 
mainly of IOOrtar due t o the compaction with the rod. The top and 
bottom 20um of each c ylinder was therefore cut off and discarded, 
three 63.5nm cylinders being cut from the remaining length. 
TESTING ~ The thickness at the centre and at each edge 
of the specimens was measured prior to placing it on the base-plate 
within the four positioning lugs. The positioning bracket was then 
bolted into place and the steel ball placed on top of the specimen 
withi n the bracket. The drop h.alllner was placed with its base 
resting on the steel ball, and thereafter raised and dropped 











hanmer in contact with the steel ball effectively prevented the 
hanmer from bouncing off the ball during the test. The number of 
blows required to cause the first visible crack on the top of the 
specimen and thereafter, to open the cracks sufficiently so that the 
fractured specimen pieces touched 3 of the 4 positioning l ugs was 
recorded. The latter case is regarded as ultimate failure. 
Plate 5.8 ACI Impact Test in progress 
Plate 5.8 shows the Impact Test in progress, and Plate 5.9 shows how 
the ultimate failure differs between the plain control specimens and. 
those fibre-reinforced. Note the actual crushing of the matrix 










Plate 5.9 : 1.25% Wirand fibre-reinforced specimens on 
left and plain concrete control specimens on right 
tested t o ultimate failure 
86 
CALCULATIONS Unlike the flexure and shear tests, the ACI Impact 
Test does not involve any calculations. The ftmction of the test is 
to give comparative values between the different materials tested, 
both for the number of blows to cause cracking and to cause 
"ultimate failure". 
Again, the binding wires excelled over the other fibre types. The 
flexure, shear and impact tests therefore conclusively proved the 




































































































































































































































































































The series of tests conducted on the five different groups of fibre-
reinf orced concrete under the Efficiency and Proving Phase of the 
test program proved beyond doubt the marked improvement in the 
material properties of concrete reinforced with 0. 7 lnm diameter x 
71nm long binding-wire fibres. All the results obtained were 
evaluated on a c omparative basis with plain unreinforced concrete 
where possible. The a im of the Application Phase therefore was to 
investigate the effectiveness of fibre-reinforced concrete in thin 
plate and shell construction relative to conventional mesh-
reinforced c oncrete. 
Two different specimen shapes were tested, slabs and arches. 
Partially fibre-reinforced slabs were subjected to static and impact 
loading, identical tes ts being perfonned on mesh-reinforced slabs. 
The tests were then repeated on fibre-reinforced and mesh-reinforced 
arches respectively. The purpose behind testing the two different 
shapes lay in their envisaged applications; the .slabs could 












6.2 SLAB TF.8TS 
A slab size of 2. lm x 2. lm x 0. 06m was decided on as a typical wall 
dimension of a room in a small dwelling. The slabs were cast 
horizontally on a large wcxxien shutter, with 60 x 60nm angle rolled 
steel sections forming the side shutters. The wcxxien base was pre-
treated with shutter oil for about 5 days to ensure that it was 
thoroughly watertight. The steel side shutters were oiled before 
being bolted onto the wooden base. The small gaps between the side 
shutters, where they met perpendicularly at the corners, were filled 
in with plasticine. 
6.2.1 Slab Preparation 
In all , twelve slabs were cast. Table 6.1 outlines the reinforcing 
and testing sequence. 
Table 6.1 Details of slab test i:anels 
Slab No. Type of Reinforcement Type of Test 
1 - 3 Mesh Static 
4 - 6 Fibre Static 
7 - 9 Mesh Impact 
10 - 12 Fibre Impact 
MF.SH-REINFORCED SLAB Once the wooden base and steel side 











2 x 2m sheet of galvanised mesh was placed within the 2. 1 x 2. lm 
area enclosed by the steel side shutters. Twelve millimetre high 
concrete spacers were placed beneath the mesh at various intervals 
so as to JX>Sition the latter at three quarters of the slab depth 
beneath the slab surface. The slab was then cast in three batches, 
the mix quantities by weight per batch being : 
Water = 19. 83 '] ::_Ratio = 0.52 c 
Cement = 38.14 
Sand 96.45 kg 
Stone 96.45 kg • 
The constituents were mixed as usual in a tilting drum mixer. Once 
the required sltlJlp had been attained, the fresh concrete was 
discharged into two pre-moistened wheelbarrows. Six 100 x 100 x 
lOOnm cubes were cast in 2 layers, each layer being rodded 25 times. 
The cubes were then compacted briefly on a vibrating table while 
their surfaces were finished with a trowel. The mix in the 
wheelbarrows was quickly reworked with a spa.de, and dtBllped into the 
mould. A shovel was used to spread and compact the fresh concrete. 
The same procedure was followed for batches 2 and 3, i.e. in all 18 
cubes were cast at six per batch. Once the JOOuld had been 
completely filled with concrete, the latter was quickly but evenly 
compacted with an internal JX>ker vibrator. A heavy steel roller was 
then used to remove any concrete in excess of the 60nm depth. The 
roller, resting on t he 60um high angle-iron side shutters, was 
passed back and forth, striking off any excess material. The 











FIBRE-REINFORCED SLAB The fibre-reinforced slabs were cast in 
4 batches, the first two be.tches consisting of fibre-reinforced 
concrete and the last two of unreinforced, plain concrete. Mix 
quantities by weight per be.tch were : 
Water = 15. 08 t] ~ Ratio = 0.52 c 
Cement = 29. 01 
Sand 73. 34 kg 
Stone 73. 34 kg . 
The first be.tch was mixed in the same ma.rmer as for the mesh-
reinforced slab. Once the six cubes had been cast, the drl.Dll mixer 
was restarted and 6. 788 kg of 0. 7 lDIIl diameter x 7 lDIIl long Binding 
Wire fibre (equivalent to 1. 25% V f) was manually added by shaking 
handfuls into the mixer. This process took between 6-9 minutes; a 
quicker rate caused the fibres to pile up on each other with 
resulting fibre balls in the mix. However where the addition of 
fibres took more than 9 minutes, overmixing and drying out of the 
mix usually caused the same problem. The SFRC was then discharged 
into pre-wetted wheelbe.rrows and dumped into the mould. A shovel 
was required to manually spread the fibre-concrete. Once the fibre 
mix from be.tch no. 2 had been evenly spread, the same tamper (used 
to compact the flexural strength specimens in Chapter 5) was used to 
compact the fibre mix evenly. Conventional internal vibration with 
the poker vibrator proved difficult because of the stiffness of the 
mix and the thin slab depth. The poker would leave deep furrows 
which were difficult to fill in. The slab was therefore vibrated by 
lying the shovel face flat on the mix surface, pressing the poker 
hard onto the shovel surface and slowly pulling the shovel around 












The · depth of the SFRC was regulated at approximately 30nm by a 
simple device as shown in Plate 6.1. The device is held along the 
top bar as shown, and the bottom sharpened end is then pushed firmly 
into the mix, perpendicular to the mix surf ace. The device is 
rotated clockwise and anti-clockwise about the central rod axis 
until the point makes contact with the mould base. The marker plate 
welded 30nm above the tip indicates the depth of the mix in that 
area, whether more concrete is required or whether an excess exists 
requiring removal. 
Plate 6.1 Fibre-mix depth measuring device 
Once the depth of the slab had been checked, the rod holes were· 
closed by lightly vibrating the surrounding area with the poker tip. 
While the SFRC was compacted, etc., the drum mixer was thoroughly 











cubes cast and the remaining mix spread evenly over the compacted 
30nm deep fibre mix. Batch 4 followed the same procedure, and was 
used to bring the slab to the required depth. The top plain 
concrete layer was compacted and then vibrated by inmersing the 
poker horizontally. The poker was slowly moved about the slab to 
compact all the concrete evenly, but with sufficient speed to 
prevent it from sinking through the highly workable top layer into 
the SFRC layer underneath. The steel roller was then used to strike 
off any excess concrete, and the surface thereafter finished with a 
trowel. 
6.2.2 Slab Curing 
After the surface had been finished, the slab was cured under sheets 
of black, impermeable polyethylene. The cubes were placed under a 
polyethylene sheet at room temperature for 24 hours. They were 
thereafter deJOOulded, labelled and m.mbers 1-3 per batch placed in a 
water curing tank and numbers 4-6 per batch placed under the 
polyethylene sheets of the slab and allowed to cure with the latter. 
A rough calculation using elastic analysis showed that the slab 
could support its own weight after 2 days. As an extra safety 
precaution, the steel side shutters were stripped off and the slab 
carefully and slowly lifted up and moved only after 3 days. The 
slab was lowered onto an empty space on the laboratory concrete 
floor (which had been thoroughly pre-wetted to prevent moisture 
absorption) and together with the cubes inmediately covered up again 
and allowed to continue curing. The mould was subsequently cleaned, 











6.2.3 Static Testing 
All testing was done 7 days after casting. The cubes 1-3 from the 
curing tank and the cubes 4-6 curing with the slab were first tested 
in compression with the Amsler Machine, at a loading rate of 150 
kN/minute (15 MPa/minute). From the results, the strength variation 
between batches and between the water cured and slab cured cubes 
could be observed. The slab was then carefully lifted and moved to 
the test bed. The slab support system consisted of three 127 x 76nm 
taper flange I-beams, placed perpendicular to each other (resting on 
large concrete blocks). A 30nm wide by 5Dlll thick rubber strip was 
placed on the top flange of each beam to protect the slab from 
damage . The slab was carefully lowered onto this set-up ~ so that 
the slab ends were flush with the flange ends as shown by the sketch 
in Figure 6. 1. The slab was thus simply supported on three sides, 
with one free edge. 
Figure 6.1 
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Front view of the simply supported slab as 











The slabs were loaded in the centre with a 200 kN Amsler jack. The 
loading rate was contr olled via a Wolpert Dynamometer (Plate 6. 2) • 
A scale of 200 kN with increments of 0.2 kN per division was used. 
The load was spread via a load spreader over four points at 380on 
centres in the direction of simple support to free edge and 330om 
centres in the direction of simple support to simple support. A 80 
x 80rrm by 5111D thick rubber pad was placed on the slab at each point 
to prevent the load spreader from locally crushing the concrete. 
Two 50rrm deflection dial gauges were placed lOOum on either side of 
the slab centre, along the centre line running from the simply 
supported to the free edge. The deflection gauges were fixed onto a 
steel bar, which in turn was supported by stands at the free edge 
and at the opposite s imply supported edge respectively. A third 
50ntn deflection dial gauge was used to measure the deflection at the 
free edge. 
The 200 kN jack was sc rewed down until the swivel head of the jack 
made complete contact with the load spreader. The Amsler-Wolpert 
test rig was then switched on, and the hydraulically operated jack 
slowly lowered until the dynamometer showed the slightest loading. 
This signified that the rubber pads underneath the load spreader and 
the rubber strips beneath the slab had been adequately compressed to 
remove any "give" . The dial guage readings were now recorded as at 












Plate 6.2 Amsler jack and Wolpert dynamometer 











Initially the slab was loaded in increments of 1 kN, the dial gauges 
being read between increases. Up to the load at which cracking of 
the slab occurred, the load could by hydraulically "locked", i.e. 
held steady while the dial gauges were read. The onset of cracking 
was detected by the inability to maintain a constant loading with 
the jack, because of the gradual downward deflection of the cracked 
section. Thereafter loading was continued in increments of 2 kN. 
As each increment was completed the dial gauges were read quickly. 
The total deflection at ul tima.te load was difficult to record 
accurately because of the rapid deflection associated with that 
load. Once the ultimate load capacity of the slab had been 
exceeded, the load was removed, the jack arrl load spreader moved 
aside and the slab removed. 
6.2.4 Impact Testing 
The same support system as used for the statically loaded slab tests 
was utilised. Unlike the static loading rate of the previous tests, 
slabs 7-12 were loaded dynamically, in the fonn of impacts. This 
was achieved by dropping weights from various heights. 
The weight consisted of a nylon bag filled with dry sand, on top of 
which three 400 kN weights were fixed, to give a total mass of 160.7 
kg. The contact area of the weighted nylon bag was 330 x 380 nm. 
(It is pointed out that the four load application points in the 
statically loaded slabs also enclosed an area of 330 x 380nm; these · 
points were actually chosen to parallel the loeding area of .the 











to a crane hex>k. The overhead crane was then manipulated to centre 
the 00.g over the marked loading area. 'nle beg was then raised to 
reach a lOOnm gap between the underside of the beg and the slab 
surface. The initial slab position, and subsequent deflections was 
monitored using the simple app:tratus shown in Plate 6. 4. The 
maximLDn (elastic) deflection on iill}'.BCt was measured by a telescoping 
radio antenna, while the permanent (plastic) defonnation was 
measured with a movable pointer. Both gauges were fixed to a stand, 
which was placed l.ll1derneath the centre of the slab. 
Plate 6.4 : Impact deflection measuring apparatus; the movable 










Plate 6.5 Wooden strip (200nm) used to obtain the 
required drop height 
98 
The antenna was extended tmtil it touched the underside of the slab, 
the length of the movable pa.rt being recorded as at zero loading. 
The movable pointer was screwed up tmtil the pointer tip made 
c ontact with the underside of the slab, and the height of the rod 
recorded. The weighted beg was subsequently dropped onto the slab 
by cutting the mild steel wire. 'nle bag was then lifted up to a 
height of 200um, the r emaining length of the antenna recorded, the 
movable pointer screwed up to touch the slab bottom and the scaled 
length recorded. The bag was then released again by cutting the 
wire. This procedure was repeated for height increments of lOOum 
until a total drop height of 600nm had been reached. Thereafter the 
drop height increased by 200um intervals. Wooden rods cut to lOOrmi 











6. 5). The test was ended when the mesh reinforced slabs had 
def onned considerably or when the f ibre-sla"bs looked about to dis-
integrate. 
6.3 ARCH TESTS 
6.3.1 Arch Dimensions 
The arch base was chosen to have the same 2. 1 x 2. lm plan area as 
the slabs. The arch had a constant radius of curvature, i.e. it had 
a circular shape. The slope of the arch at the springing was 1 : 4, 
and the highest point at the underside of the crown was 125Iml above 
ground level. The thickness of the arch was intended to be 60nm as 
for the slabs, however, the mould manufactured had only 54um deep 
sides. The ends of t he mould were so shaped that the concrete arch 
would have a 75nrn flat , horizontal bearing surface. The arch mould 
was r e inforced with several charmel sections welded along the spine 
of the mould, to prevent any buckling and downward sagging of the 
mould under the weight of the concrete during curing (see Plate 
6 .6). 
Figure 6 . 2 shows a s ketch of a typical concrete arch with all 


















Diagranma.tic view of arch, with lifting hooks 
in place 
Plate 6.6 : Arch mould made from 5um steel plate. Note 
charmel side supports and end sections of later supports. 
The large I-beam placed under the crown of the arch can be 












6.3.2 Arch Preparation 
Nine arches were cast, the first of which was used for 
"trouble-shooting" to detect problems/deficiencies in the testing 
procedure (Table 6.2). 
Table 6.2 Details of arch test panels 
Arch No. Type of Reinforcement Type of Test 
1,2 Mesh Static 
3,4 Fibre Static 
5,6 Mesh Impact 
7,8 Fibre lmpact 
MESH-REINRECED ARCH The steel mould was first thoroughly 
covered with a thin l ayer of shutter oil. A 2 x 2m square mesh 
sheet was thereafter shaped to fit the curvature of the mould. 
Concrete spacers of 10. 5nm depth were attached to the mesh at 
various intervals to position the mesh approximately three quarter 
way down the slab depth. Four lifting hooks were passed through the 
mesh as indicated by Figure 6. 2. The arch was then cast in 3 






33.73 t (kg) 
85.29 kg 
85.29 kg • 
Six cubes were prepared from each batch. The same mixing and 











Care had to be taken when compacting the mix with the poker 
vibrator, because of the downward movement of the concrete on the 
slopes. This downward movement of the mix was aggravated even 
further when the poker made contact with the steel mould. The 
excess concrete overflowing the base of the mould was removed with 
trowels. A heavy steel bar was thereafter rolled from the base of 
the arch to the crown, all material in excess of the 541111l depth 
being removed or used to fill in regions of lesser depth. This 
process was repeated on the other side of the arch. Trowels were 
used to fill in the smaller holes and to finish the arch surface. 
FIBRE-REINFORCED ARCH The binding wire fibre-reinforced arches 
were cast in 4 batches, the first two containing the fibres and the 
remaining two consisting of plain concrete. The batch quantities by 






26.69 t (kg) 
67.49 kg 
67.49 kg . 
The concrete constituents were mixed as usual, and 6 cubes cast 
before 6.582 kg of Binding Wire fibre was added. The fibre mix was 
spread and compacted in the same manner as was used for the 
fibre-reinforced slabs. The sharpened rods used to measure the mix 
depth (see Plate 6.1) were ground down and resharpened to leave an 
effective depth of 271111l (half the 5411111 arch depth) between the point 
and the plate above. Batches 3 and 4 consisting of plain, un-
reinforced concrete were then dumped, spread out, compacted with the 











levelled and finished in the same manner as the mesh-reinforced 
arches. 
6.3.3 Arch Curing 
Following surf ace finishing, the arches were covered with black 
polyethylene sheets and left to cure. Once all the cubes were cast, 
they were covered with a black polyethylene sheet at room 
temperature, left for 24 hours, and then demoulded. The cubes were 
labelled and cubes 1-3 per batch placed in the water tank to cure, 
cubes 4-6 with the arch. 
After 3~ days the arch was removed from the mould and together with 
cubes 4-6 from batches 1-4 moved to a clear space to continue curing 
until tested. 
6.3.4 Static Testing 
Seven days after casting, the cubes were tested in compression using 
the Amsler cube tester , at a constant loading rate of 150 kN per 
minute. 
noted. 
The variation between batches and curing conditions was 
The arch was then carefully lifted and moved to the test 
bed. Unlike the simply supported slabs, the arches were to be 
pinned at the ends. The concrete blocks were thus removed and the 
arch lowered onto the test bed. The self-weight of the arch 
combined with the downward force during static loading would ensure 
no vertical movement of the arch at its supports. Horizontal · 
movement was restrained by screwing horizontal bolts against the 
ends of the arch. The restraining setup is best described with 
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Diagranma.tic close-up of arch support 
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A steel ball was placed at the tip of the steel bolt (which had been 
grooved to keep the ball in place) and a 38nm diameter x 17um thick 
bearing plate was pressed against the steel ball on the other side. 
The bolt was then scr ewed forward until the bearing plate made 
contact with the side of the arch, the surfaces flush to one 
another. Five of these support bolts were situated across the width 
of the arch base. The bolts were initially tightened IDBil.ually and 
afterwards all given half a turn with a spanner. The arch was thus 
effect ively prevented f rom moving laterally or vertically resulting 











The centre of the arch ridge was marked and a long, 5um thick by 
40nm wide rubber strip placed on either side of the centre line. A 
two metre long 127 x 76nm (taper flange) I-section was laid on these 
strips, its longi ttrlinal axis coincidental with the crown centre 
line. An extension was fitted to the 200 kN jack to lower it down 
to the I-section. Next, the loading head of the jack was screwed 
down until the swivel head lay resting flat on the upper flange. 
Three 50nm dial gauges were placed along the arch crown, one at 
either end and the third lOOnm of the arch centre. The two end 
gauges were spaced 50nm perpendicular to the centre line to avoid 
interference from the rubber strips. The dial gauges were attached 
to a steel rod, which in turn was supported by stands at the arch 
ends (see Plate 6.7). 
Plate 6.7 A side view of an arch undergoing static testing. 











Plate 6.8 shoW8 an arch tmdergoing a static test as viewed from the 
front. The 38nm diameter by 17nm thick arch support bearing plates 
are clearly visible as shiny cylinders at equal spacings along the 
arch base. The steel ball between the bearing plates and the 
horizontally adjustable bolts can just be seen on closer 
examination. 
Plate 6.8 Front view of test set-up 
The dial gauge readings were taken at zero load. Initially the load 
was increased by increments of 1 kN, the dial gauges being read off 
prior to each increase. The C011111encement of cracking was detected 
by the operators' inability to "lock off" the applied load. The 
loading was thereafter increased by 2 kN increments. Initially the 
post-crack loading was easily controllable to allow for deflection 











approached, the deflection of the arch increased at such a quick 
rate that only the middle dial gauge could be read accurately. Once 
the ultimate load had been reached and the bearing cape.city of the 
arch dropped, the test was stopped. 
6.3.5 Impact Testing 
The same end restraint system was used for the arches subjected to 
impact loading. The same 160. 7kg sandbag/weights combination was 
used to load the arch. The 2 metre long 127111D x 76111D (taper flange) 
I-section used for the static loading was replaced by a 1.98m long, 
178 x 102ntn (taper flange) I-section for greater strength and 
rigidity. A 488nm diameter by lOmn thick plate was welded onto the 
top flange at the beam centre to fonn a stable base onto which the 
weight could be dropped. The I-beam was securely held in position 
by two G-clamps at either end, to prevent the former from falling 
over on impact. The G-clamps were very firmly tightened onto 
rectangular hollow sections, which themselves were rigicliy clamped 
to the Amsler jack support rig (see Plates 6.9 and 6.10). 
A 50mm deflection dial gauge attached to a small stand was placed on 
both ends of the arch crown. These dial gauges were used to record 
the pennanent (plastic) defonna.tion of the arch under impact 
loading. The total (i.e. elastic and plastic) deformation of the 











Plate 6.9 : Front view of the concrete arch with the 
I-beam and attached. plate in position . Note the sway 
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These devices were placed just underneath each open end of the arch, 
the telescoping antenna section raised lllltil it touched the 
underside of the crown, and the length of the movable portion 
recorded as at zero loading. The dial gauge values were also read 
off, the values recorded designating deflection at zero load. The 
sandbag system was t hen raised lOOnm above the rm.md plate and 
thereafter dropped by cutting the wire. The bag was next lifted to 
a height of 200nm above the plate, the dial gauge readings recorded 
and the remaining length of the telescoping antenna measured with a 
ruler. The bag was then released and the whole process repeated for 
successive lOOnm drop height increments. Cracking usually occurred 
after the 300 or 400nm drop height. Height increments were con-
tinued by lOOnm up to a height of 600nm , and by 200nm thereafter, 
i.e. 800, lOOOnm, etc . , to observe the post-crack behaviour of the 
arch. 
Plate 6.10 below shows a mesh-reinforced arch about to be subjected 
to the 160.7 kg impact load from a height of 300nm. 
NOTE ON IMPACT TESTING during the first impact test, after the 
400nm drop had occurred, the concrete sections in inlnediate contact 
with the bearing cylinders showed signs of crushing, with small 
pieces breaking off the top surf ace of the slab above the contact 
point. It was realised that this was caused by the insufficient 
bearing area of the cylinders. An 80 x 50nm x 8nm thick plate was 
subsequently welded onto each cylinder to increase the area of 
contact. Thereafter, disruption of the concrete at the contact face 











increasing in severi ty with increasing drop heights. The 
deflections recorded. f or drop values in excess of and inclu:iing 
800nm should thus be treated with caution, making allowances for 
possible inaccuracies. 











EFFICIENCY AND IroVING mAfil: 
(TFSI' ~'IS AND DisaJSSIOO) 
7.1 RESULTS OF TRIAL TF.8TING 
111 
Previous static and impact loading tests on chicken mesh reinforced 
concrete slabs undertaken at the University of Cape Town illustrated 
the energy absorbing caJECi ty of the composite ( 91 ) • However, the 
single chicken-mesh layer provided only a third of the mini.mum steel 
requl.red for the intended slab a plication. It was thus decided 
that trial flexural and shear tests should be carried out to 
invest igate the influence of two or more chicken mesh layers on the 
conc rete strength. 
The results showed marginal increases in flexure and shear strengths 
of prisms reinforced with two layers of chicken mesh. 'Ibe initial 
conclusion reached was that the two layers of chicken mesh were 
insufficient to aff ect the material properties of the concrete 
matrix, and that the tests should be repeated on samples reinforced 
with four layers of chicken mesh. 'Ibe results of the flexural 
testing and shear s t rength determination are given below in Table 
7.l(a) and 7.l(b) respectively. 
Table 7.l(a) shows that the flexural strength of the prisms 
reinforced with 4 layers of chicken mesh was lower than the control 











the bottom of the prism depth exhibited the lowest flexural 
strengths. Examination of the fracture surf ace showed s111B.ll air 
pockets trapped between the botmd layers of chicken mesh, despite 
the careful casting and vibration of the prisms to prevent just such 
an occurrence. Inspection of the bottom of the prism depth showed 
that the matrix between the mesh and prism base consisted largely of 
mortar. It is believed that these two factors may have caused the 
decreased flexural strengths. The results of the shear tests (Table 
7 . 1 ( b) ) , also showed a decrease in strength as the m.mber of chicken 
mesh layers increased. From the trial test it was concltrled that 
the chicken mesh was not a suitable reinf rcing material, actually 
weakening the concrete if used excessively. The efficiency and 
proving phase was subsequently initiated to determine which of the 
five different fibre types available was most suited as a 
reinforcing material. The cube compression, flexure and shear test 
results are presented and discussed below. 
* SPECIAL NOTE : Tiiroughout the fallowing discussions, the term 
RELATIVE STRENGI'H INCREASE is used. This means that the strength of 
a, say, partially SFR prism is ccnpared RELATIVE to the control 
strength, and is expressed as a percentage. Example; the relative 
first-crack flexural strength increase; 
= 
a - a 
cb.c mb x 100 
amb 
Where the term S'ffiENGlll INCREASE is used (i.e. without RELATIVE) , 
then the comparison is between the actual data, i.e. comparing the 
ultimate flexural strength of prisms reinforced with 1. 50% V f 











7.2 FLEXURAL STRENG'ffi OF SER:r&q A-E 
The results of the flexural tests condu:::ted cm beams 1-6 and 7-9 per 
series are given in Tables 7. 2 and 7. 3 respectively. 'lbe low 
control flexural strength of Series E most probably resulted from 
using cement of a different batch than was used for all the other 
specimens. 
7.2.1 First Crack Flexural Strength 
Grai:hs showing the variation of flexural strength against the 
product of fibre vol Liiie and aspect ratio ( V f • t ID) are ccmnonly 
used to determine the effect of increasing the fibre concentration. 
'Ihe aspect ratio remains constant and therefore variations in 
flexural strength a r e attributed directly to variations in Vf . 
However, since five different types of fibres (all of di ff eri.ng 
aspect ratios) were being investigated, this form of gra.pi would be 
seriously distorted. The flexural strength was therefore plotted 
against the fibre voltme only and the influence of the differing 
aspect ratios and fibre shapes on the individual plots studied. 
Figure 7 . 1 shows the flexural cracking strengths of the partially 
reinforced prisms from Series A-E. The Binding Wire reinforced 
prisms (Series E) are observed to show the greatest strength 
increase with increasing fibre vol'LIJle. The first-crack flexural 
strength of the fully reinforced prism, Series A-E are shown in 
Figure 7.2. The plots are observed to be similar to those of Figure 
7. 1 except that of Series D which shows higher strength increases 
for the fully SFR prisms. Again the Series E prisms show the 











Of particular interest in Figures 7. 1 and 7. 2 is the decrease in 
flexural strength of the prisms reinforced. with 2. 25% V f Shreddic 
fibres. Plate 7 .1 s hows the dense fibre concentration of prisms 
reinforced. with 1.50% Shreddic fibres, and it is tho\Cht that at 
2. 25% V f the Shreddi c fibres actually interfered with the matrix 
structure thereby weakening the composite. 
Al though Figures 7 . 1 and 7 • 2 show the flexural strerigth 
increases/decreases, they do not differentiate between the different 
control flexural strengths. In order to see how each fibre type 
strengthens/weakens the plain concrete, the relative flexural 
strength increase was plotted against V f • Figure 7. 3 shows the 
re la ti ve first-crack flexural strength increase of the partially 
reinforced prisms against V f • The Series E prisms are observed to 
show the greatest increase in strength, reaching 93% for the prisms 
reinforced. with 2.25% Vf • 
Figure 7. 4 shows the re la ti ve first-crack flexural increase of the 
fully reinforced pri sms plotted against V f for Series A-E. The 
prisms of Series E again show the greatest relative flexural 
strength increase. The next best relative strength increase is that 
of Series D (ME430( 35nm) fibres). The similarity between Figures 
7.3 and 7.4 is aPJBrent. 
7.2.2 Ultimate Flexural Strength 
The ultimate flexural strengths of the partially reinforced priBIE 
of Series A to E are shown in Figure 7.5. 'lbe prisms of Series E 











approximately 1% V f to 2. 25% V f • It is interesting to note the 
parallel plots of Series C and D, Series D exhibiting higher 
flexural strengths as expected. 
Figure 7.6 shows the ultimate flexural strength of the fully 
reinforced irrlividual fibre types at various fibre volunes. Again, 
the similarity in plots between the partially reinforced (Figure 
7.5) and the fully r einforced. prisms (Figure 7.6) is appu-ent. In 
order to eliminate the difference in control strengths for compe.ring 
the effect of the f i bres, the relative ultimate flexural strenith 
increase was plotted against the fibre volllDe. 
In both figures, the Series E prisms show the greatest relative 
strength increase by far. These increases are noted to be linear 
with increasing vf . The prisms reinforced. with Shreddic fibres 
(Series A) exhibited the usual peak in strength at 1.5~ Vf followed. 
by a decrease in rela tive strength. 
The following observations were made from Figures 7.1 through 7.8 : 
( i ) the presence of steel fibres on the concrete matrix 
unmistakenly delays the onset of cracking in irisms 
subjected to flexural load; 
(ii) high aspect ratios do not always guarantee greater flexural 
strengthening; viz. the higher flexural strengths of Series 
D ( r = 70 ) compared to Series B ( tf = 83) • This 
observation supports the review of Chapter 4 in that the 
fibre shape and consequent bond strength arrl shear stress 
collectively influence a fibre's effectiveness in 












(iii) the plot of Series E in Figures 7.3 - 7.4 and 7.7 - 7.8 is 
linear between 0. 7 5% V f and 2. 25% V f • Asslllling that a 
linear relationship exists, a regression analysis of the 
Series E data ene.bles the mini.mun volume of Birding Wires 
required to initiate flexural strengthening to be dete:nnined 
as : 
vf(MIN) = between 0.40 - 4.47% vf 
(iv) the pu'tially S~ prisms exhibited flexural strengths close 
to the fully s~ prisms; 
( v) the Binding Wire fibres (of Series E) had the greatest 
strengthening effect on a concrete matrix. It should be 
noted though that the 2. 25% Birding Wire mix was very 
difficult to mix and cast. The mix was nearly unworkable, 
and nonh0100geneous with cltmps of fibres and segregated 
stone clearly visible. 
Comi;e.rison of Partially and Fully Reinforced Prism 
Flexural Strengths 
One of the main objectives of the Efficiency and Proving Phase of 
the experimental progranae was to deteraine whether prisms partially 
reinforced with steel fibres would develop the same strength as 
fully reinforced samples. The close similarity between the plots of 
Figures 7. 3, 7 . 4, 7 . 7 and 7. 8 demonstrates clearly the equality of 
the partially and fully reinforced prisms. Figure 7 • 9 is a be.r-
graph representation of the abovementioned figures. For each of the 
three sets of flexural prisms per series, the difference in first-
crack and ultimate strength between the partially am fully 
reinforced. prisms is recorded as a percentage. 'lhe blue shading 
represents cases where the fully reinforced prisms exhibited greater 











Figure 7. 9 shows that the me.jori ty of the partially SFRC prisms 
exhibited flexural strengths (with first-crack and ultimate) within 
10% of the fully SFRC prism flexural strengths. Considering the 
variability in strength of plain concrete, this variation is very 
small. From Figure 7.9 the following conclusions were drawn 
( i) concrete prisms reinf arced with steel fibres over only a 
pu-tial section of the depth exhibited the same flexural 
strengths as those samples with fibre reinforcing throughout 
the full depth, 
(ii) the partially and fully fibre reinforced prism strengths 
were equal when reinforced with fibres of high aspect ratio 
(Wirand, ME430(351DD) and Binding Wire) at 1.50% Vf • 
It should be remember ed that the same fibre-mix was used to cast the 
bottom half of the pu-tially reinforced prisms as was used to cast 
the full depth of the fully reinforced prisms. In effect, 
therefore, a pu-tially reinforced prism will contain half the m.mber 
of fibres as a fully reinforced prism. To compe.re a partially and 
fully fibre reinforced prism containing the ~ volune of fibres, 
one would 'need to compare a sample of the former reinforced with, 
say, 1.50% Vf and a sample of the latter reinforced with 0.75% Vf . 
Figure 7. lO(a) shows the difference in relative flexural cracking 
strength while Figure 7. lO(b) shows the difference in the relative 
ultimate flexural strength of such a case. The 1. 50% V f pu-tially 
reinforced prisms are observed to exhibit flexural strengths far 











The lower flexural strength of the partially ME430 ( 35mn) fibre 
reinforced. prisms was due to the high control strength, which 
resulted. in a smaller relative strength increase than that 
calculated. for the 0 . 75% Vf fully reinforced prisms. Plates 7.2 and 
7. 3 show (from left to right) three fully reinforced priSllS and 
three partially reinforced. prisms containing 0.75%, 1.50% and 2.25% 
by volune of ME430( 35om) fibre respectively. The left prism in 
Plate 7.2 has the same voll.Ele of fibres as the middle prism of Plate 
7.3. The higher concentration of fibres in the bottom half of the 
partially reinforced. prism is clearly visible, and but for the high 
control strength the latter would have exhibited. a higher flexural 
load capacity. 
Plates 7. 4 and 7. 5 show the difference in fibre concentration 
between fully reinforced. and partially reinforced. prisms containing 
(from right to left) 0.75% , 1.50% and 2.25% volume of Birding Wire 
fibres. The dense fibre concentration at 1. 50% V f for the middle 
partially reinforced prism (Plate 7.5) is clearly visible canpa.red. 
to the scattered f i bres of the 0. 75% V f fully reinforced. prism 
(Plate 7.4). The ultimate flexural strength was consequently 59.8% 
higher for the partially reinforced. prism (see Figure 7.lO(b)). 
7.3 SHEAR STRENGm OF SERIES A-E 
The shear strengths of beams 1-9 per set for Series A-E are given in 











To eliminate variations of control shear strengths the relative 
shear strength increase was plotted against the fibre volune 
(Figures 7.11 and 7.12). The relative shear increase was calculated 
as : 
(VPART - V<nrl'OOL) 








The highest increase in relative shear strength of the partially 
reinforced prisms (Figure 7. 11 ) was f und to occur for the 
ME430(35mn) partially reinforced prisms. Between 1.50% Vf and 2.25% 
Vf however, the shear strength increased only marginally. This may 
have been caused by fibre-balls forming in the mixing of the 
concrete, which effectively reduces the voltae of fibres available 
for distribution. Whenever detected during mixing, the fibre-balls 
were broken up to ensure even distribution of fibres. Plate 7, 6 
shows an ME430(35nm) fibre ball on left and a ME430(25on) fibre-ball 
at right which wer e observed in mixes containing 2.25% Vf 
Fibre-balls were also observed in the mix reinforced with 2. 25% 
Wirand fibres (Series B). Plate 7.7 shows a fibre-ball detected on 
the fracture face of a partially reinf arced prism. This probably 
accounts for the drop in re la ti ve shear strength between 1. 50% -
Figure 7.12 shows the relative shear strength of the fully 
reinforced prisms pl otted against vf • Once again the plot of 
Series E shows the greatest increase in relative strength. 











of A showing the usual'drop in relative shear strength between 1.50 
- 2. 25% vf • 
As a check to whether the partially and fully reinforced prisms were 
being properly cast and tested, the difference in shear strengths 
between the 1. 50% V f partially reinforced. and 0. 75% V f fully 
reinforced prisms of Series A-E were compared (Figure 7. 13) • '!be 
variations in Series B, D and E were minor, as expected. Series A 
showed a 10% higher strength for the. fully reinforced prism and for 
Series C the partially reinforced prisms were found to be 12. 7'lt 
stronger in shear. Both these differences are reasonably low. 
From the test results and Figures 7 .11 - 7 .13 the following 
conclusions were drawn : 
( i) the relative shear strength of the fully SFRC prisms 
increased linearly as the Vf increased. However, there is a 
limit to the quantity of steel fibre which can be ~ed. to a 
concrete matrix, beyond which the homogeneity of the 
composite and its mechanical properties are adversely 
affected; 
(ii) the partially reinforced. prisms did not show a relationship 
described in ( i) , whereas the fully reinf arced prisms 
distinctly showed such a relationship. It is therefore 
recOD111ended. that more testing be carried out on partially 
reinforced. prisms to observe whether some type of trend can 
be detected.. 
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( ~i) at an early stage of curing the fibres have a major 
influence on the young, "green" concrete, binding the matrix 
together. With increased curing time, the concrete hardens 
with a corresponding increase in load absorbing capeci ty. 
'lhe influence of the fibres therefore decreases and it is 
believed that after the concrete gains its maturity 
strength, the contribution of the fibres will level off at a 
constant value. 
7.4.2 Variation in Strength with Increasing Fibre Voltune 
To compare the influence of the different fibres on the matrix 
compressive strength, Figures 7.15, 7.16 and 7.17 were plotted-which 
show the relative compressive strength increase after 3, 7 and 14 
days. From Figures 7. 15 through 7. 17 the following observations 
were made : 
( i) the relative compressive strength increased linearly with 
increasing Vf when the cubes were tested after 3 days. 
However, after 7 and 14 days curing, this linearity was only 
apparent up to the 1 • 50% V f mark, 
(ii) the cubes reinforced with 2.25% Binding ·Wire fibres 
exhibited relative strengths substantially lower than the 
cubes reinforced with 1. 50% V f • It is thought that the 
segregation of the fibres and stone occurring with the 2.25% 
vf mix, combined with the inability to compact this t.mwork-
able mix caused these lower strengths. Plate 7 .8 shows from 
left to right cubes reinforced with 2. 25% V f Shreddic, 
Wirand, Binding Wire and an unreinforced control cube. The 
superior binding ability of the Shreddic and Wirand fibres 











7.4 EFFECT OF FIBRB TYPF.s A-EON CXJofffiESSION STRENGl'H 
The plain control and fibre cubes were cast from the same mixes as 
the flexural specimens. Table 7. 5 sh~ th~ control cube strengths 
(i.e. unreinforced) and fibre cube strengths after 3.7 and 14 days 
for each set of Series A-E. The relative increase in cube strength 
is calculated as : 
% increase = 
where f cf = compressive strength of SFRC cube 
f = control cube strength. cu 
The mean compressive strength ( f ) , standard deviation (d' ) and cu n 
coefficient of variation (c = a/f ) for the control cubes after 3,7 cu 
and 14 days was determined as · : 
f = 24.7 MPa a = 1.95 c = 7.9% cu(3) n 
f = 33.8 MPa a = 1.91 c = 5.6% cu(7) n 
f = 40.4 MPa a = 1.10 c = 2.7% cu(17) n 
7.4.1 Variation of Strength With Increased Curing 
The relative compressive strength increase for each test series was 
plotted against time of curing (3-14 days) to observe the effect of 
the fibres on the concrete matrix and how this effect varied for 
differing fibre concentrations with time (Figures 7 .14(a) to 
7.14(e)). From Figures 7.14(a) - 7.14(e) the following observations 
were made 
( i) generally, as the fibre concentration increased the relative 
strength increased though not always proportionately. (This 












as the concrete matures and consequently hardens, the fibres 
with non-unifonn cross-sections appear to exert less 
influence on the composite behaviour. Comparing Figures 
7.16 and 7.17 with Figure 7.15 shows a definite "separation" 
of those fibres with a tubular shape (Series A, B and E) to 
those with irregular cross-sectional areas (Series C and D). 
It is thought that the "separation" mentioned above is attributable 
to two factors : 
the orientation of the fibres, and 
the non-unifonn cross-sectional shape along the length of 
the fibre types C and D. 
When the cubes are cast in 2-3 layers and compacted, the fibres are 
forced to asstune a predominantly _ 2-d.imensional (horizontal) 
orientation. Prior to loading, the cubes are rotated 90°, and the 
fibres therefore assume a predominantly 2-dimensional (vertical) 
orientation. As the cube is loaded in compression, the interfacial 
shear stress between the fibre and the surrotmding matrix would 
enable . the fibre to absorb some of the applied load while the 
concrete matrix absorbed the remainder. Because of the uniform 
cross-sectional area of fibre types A, B and E, the interfacial 
shear stress and resulting fibre compressive stress should be 
roughly linear. '!be irregular shape along the length of fibre types 
C and D however will probably result in stress concentrations. The 
author believes that this non-unifonn stress absorbtion of fibre 












7.5 IMPACT STRENGI'H OF SERIES A-E 
The results of the impact testing are given in Table 7. 6. The most 
impressive performance was obtained from the Binding Wire reinforced 
samples. The first-crack impact strength was nearly double that of 
the Melt Extract fibre reinforced samples, while the ultimate impact 
strength averaaged at a massive 312 blows. One of the tests was 
actually stopped after 400 blows because by then the superior action 
of the Binding Wire reinforced samples had been amply demonstrated. 
One notes the very large coefficients of variation for the number of 
blows required to cause cracking of the specimen. This was due to 
the difficulty in spotting the first hairline crack combined with 
the very slow propagation of these cracks in the fibre-reinforced 
test specimens. It was also later discovered that those test 
specimens cut from the top and bottom of each cylinder gave 
substantially lower cracking and ultimate strengths. These results 
were subsequently discarded. Despite the high coefficients of 
variation in the m.unber of blows to cause cracking, it should be 
noted that the coefficients are very much lower for the number of 
blows required to cause ultimate failure. 
The ACI Impact Test clearly demonstrates the significant. improvement 
in impact resistance of SFRC over plain concrete. The Binding Wire 
fibres were seen to have the greatest strengthening influence. 
7.6 THIOC>RETICAL EVALUATION OF TEST ~TS 
7.6.1 Detennination of a FlexUra.l Strength Equation 
The Law of Mixtures equation (3.7) is given as 
e 











for which constants A and B are determined statistically from 
experimental results. Equation ( 3. 7 ) implies that the modulus of 
rupture for the SFRC composite increases in proportion to the volume 
percentage of the fibres (Vf) and the fibre aspect ratio (t/D) • 
This agrees with the findings of a conducted by Johnston ( 77 ). 
Assuming this relationship, the flexural test data was analysed 
using five different methods to determine constants A and B (see 
Appendix F. 1 ) • Since the first tenn on the right hand side of 
equation (3.7) represents the contribution of the matrix at maximum 
load, constant A is constrained to a maximum value of 1. Two of the 
analysis methods yielded values of constant A in excess of unity, 
and were thus discarded. The remaining three methods of analyses 
are discussed below. 
Swam.y and Mangat Approach This analysis utilises the Law of 
Mixtures equation ( 3. 7) which has been niodified to inch.de length 
and volume efficiency fectors (see reference 31 for fonnulae 
derivation). The final form of the equation is : 
or 
acb = A amb + 2 r e/D 0.41Vf 
acb = A amb Vm + 0.82 r vf t/D 




(This last tenn in equation (7.2) is equal to B of equation (3.7).) 
When the first crack in the flexural prism occurs, the interfacial 











stress TAV at which bond slip coomences. Further loading causes 
progressive debonding and subsequent crack propagation. Eventually 
the ultimate failure load will be reached, at which stage the 
interfacial shear stress will reach the ultimate bond strength 't' 
u 
between the fibres and the matrix, and failure by fibre pullout 
occurs. EqUa.tion (7.2) at these two stages is written as 
a am(l - Vf) 
at first crack cb.c + 0.82 TAV ( 7. 3a) Vf t/D = Vft/D 
a am(l - Vf) 
at failure cb.u + .0. 82 'T: (7.3b) 
vf t!D = Vft/D u 
Equations (7.3a) and (7.3b) are of a linear form. By plotting the 
flexural test data of the left hand side of equation (7.3a), (7.3b) 
against the first term on the right hand side of the equation, one 
should obtain a straight line of slope A and an intercept of 0.82 -r, 
equal to B. 
Figures 7. 18 and 7. 19 show the plots for the partially reinforced 
prisms at cracking and at the ultimate failure loads. Figures 7.20 
and 7.21 show the data of the fully reinforced prisms at first-crack 
and ultimate failure stages. The results show a consistent pattern 
which is most pronm.mced. for the first-crack load cases (Figures 
7. 18 and 7. 20) • The best fit line for each plot was obtained by a 
linear regression analysis. Constants A and B obtained. from the 
analysis are shown in Table 7. 7 (see end of written text) • Fran the 
last term of equations (7 .3a) and (7 .3b) the average and ultimate 
bond stress was calculated 
i.e. 
0.82 't'AV,u = B 












The partially reinforced prisms exhibited an average bond strength 
of 1.8 MPa and an ultimate bond strength of 2.5 MPa. For the fully 
reinf arced prisms the average bond stress was 1. 7 MPa and for 
ultimate load, a value of 2.45 MPa was calculated. The close 
correlation of the bond stresses (-rAV difference of 7 .5% and -ru 
difference of 3.1%) confirms the validity of the test approach. 
Figures 7.18 - 7.21 also show that the influence of differing fibre 
aspect ratio (for the range tested) on the bond stress developed is 
negligible. 
Composite strength vs Vf • t/D approach Figures 7.22 through 7.25 
show the plots of first crack and ultimate composite f lexUra.l 
strength against V f • t. /D for the partially and fully reinforced 
prismatic specimens respectively. The best-fit line was determined 
. using linear regression analysis. The cracking flexural strengths 
of the partially reinforced prisms (Figure 7 .22) and fully 
reinforced prisms (Figure 7. 24) showed very gocxi correlation with 
the regression line. It should be noted though that those points 
deviating most from the regression lines in Figures 7.22 through to 
7.25 are the same data associated with nonlinear flexural strength 
increases (see Figures 7. 7 and 7 .8), e.g. those prisms reinforced 
with 1.50% Vf Shreddic, 0.75% ME430(35um), 2.25% ME430(35nn) and 
2.25% Vf Binding Wire. If these data points are "excluded" from the 
plots, then the linear relationship between the composite strength 
and the product of Vf t/D is clearly visible. 
The bond strengths determined from constant B were : 
partially reinforced TAV = 1.60 MPa, Tu = 2.3 MPa 











These values are slightly lower than those obtained for the 
preceding analysis. 
ComJ.X>site strength vs wf • t!D approach Figures 7.26 through 7.29 
show the plots of composite strength against the product of fibre 
weight (Wf) and their ratio (t/D). The plots are very similar to 
those of Figures 7. 22 through 7. 25, The product W f . • t ID is 
preferred to Vf • i/D because; 
i) steel is normally priced by weight, and 
ii) the product Wf • e/D combines cost (Wf) with perfonnance 
i/D. 
The slope A and intercept B determined from the regression analysis 
are given in Table 7, 7. From constant B, the average and ultimate 
bond strengths were calculated as : 
partial!~ reinforced, first crack -cAV = 1.8 MPa 
fully reinforced, ultimate -cAV = 1.4 MPa 
"r = 2.1 MPa 
u 
-c = 2.4 MPa u 
The average bond strengths differ by 24. 5%, and the ultimate bond 
strengths by 12 .1%. These variations are noted to be three times 
greater than that obtained from the Shah and Mangat method of 
analysis. 
Final choice of constants All three methods of analysis yielded 
constants A and B (and resulting bond stre~ values) fairly close 
to one another. A statistical analysis of the predicted strengths 
given by the various equations with the experimental results was 











The findings of the analysis show that the equations of the second 
method (composite strength VS Vf • t/D) generally predicted 
strengths lower than those obtained experimentally. Al though the 
strength equations for the partially reinforced prisms determined by 
the last method showed the closest correlation to test results, the 
strength equations as detennined by the Shah and Mangat approach 
yielded the best overall comparison. 
The final form of the first-crack and ultimate flexural equation for 
the partially reinforced composite was thus taken as : 
ab = 0.877 am(l - Vf) + 1.474 Vf t/D c .c (7.4) 
ab = 0.873 am(l - Vf) + 2.072 Vf t/D c .u (7.5) 
From equation (7.4) the average bond stress at first-crack is given 
by T:AV = 1.80 MPa, and at ultimate failure the ultimate bond stress 
given by equation (7.5) is -r: = 2.5 MPa. 
u 
The first-crack and ultimate flexural equations for the fully 





for which_ the average bond stress -r:AV = 1.67 MPa and the ultimate 












7.6.2 Relationship between Fibre-spacing and Flexural Strength 
The first-crack flexural strengths obtained were plotted against the 
spacing equations ( 3. 8) through ( 3 .13) to observe whether some 
relationship/pe.ttern could be detected. Equations ( 3. 9) and ( 3. 10) 
were modified for the Series D and E results to take into accolmt 
the greater length and vol\.IDe efficiency factors for these 
predominantly 2-directionally aligned fibres. The modified spacing 
equations were : 
For first-crack modulus of rupture Sc = 21.28 Jv!t (7.8) 
For ultimate modulus of rupture (7.9) 
Figures 7. 30 and 7. 31 show the plots of the ultimate modular ratio 
against R.omuald.i 's spacing equation ( 3. 8) • The data shows wide 
scatter with no detectable relationship. The same data plotted 
against Krenchell's spacing equations (3.11) to (3.13) show an equal 
ammmt of scatter (Figures 7 .32 and 7 .33). The fibre spacing of the 
latter was noted to be lower than that obtained by Ranua.ldi 's 
equation. 
Finally, the flexural cracking modulus of the pe.rtially reinforced 
prisms was plotted against spacing equations (3.9) and (7.8) for the 
data of Series A-C and D-E respectively, as shown in Figure 7.34(a). 
The plot showed a clear pe.ttern of increasing modular ratio 
associated with decreasing fibre-spacing. A theoretical curve 
relating the first-crack spacing equation (7.8) to the first-crack 
flexural strength prediction equation ( 7. 4) shows very gcxxi 











plotted against the ultimate spacing showed the same pattern 
although the JX>ints were more spread out (see Figure 7 .34(b)). The 
ultimate strength prediction equation ( 7. 5) plotted against the 
ultimate spacing equation (7 .9) yielded a curve which also showed 
good correlation with the test results. 
'nle first-crack and ultimate modular ratios for the fully reinforced 
prisms, plotted against the cracking and ultimate spacing (Figures 
7. 35(a) and 7. 35(b)) showed the same pattern as detected for the 
partially reinforced prisms. The theoretical curves drawn, based on 
flexure equations ( 7. 6) - ( 7. 7) and spacing equations ( 7. 8) and 
( 7. 9) , are seen to follow this pattern very well, confirming the 
unique relationship which exists between fibre-spacing and flexural 
strength. 
7.6.3 Relationship between Flexural and Shear Strength 
If the plots of the relative increase in flexural strength (Figures 
7.7 and 7.8) are compared with these showing the relative increase 
in shear strength (Figure 7 .12(a) and (b)) for increasing fibre 
concentration, certain sinrularities are observed. The first-crack 
and ultimate flexural strengths of Series A-E was therefore plotted 
against the shear strength (Figures 7 .36 and 7 .37), all the \mi.ts 
being in MPa. 
'nle plot obtained for the partially reinforced test data (Figure 
7. 36) showed that an increase in flexural strength was generally 
accompanied by an increase in the shear strength. 'Ibe best-fit line 
obtained by linear regression was of the f onn : 











The data for the fully reinforced prisms showed a distinct 
relationship between the flexural and shear strength (Figure 7 .37). 
'nle best-fit line yielded a flexural strength of 0.33 MPa for a zero 
shear strength. 'nleoretically the flexural strength should also be 
equal to zero, and its is thought that this discrepancy is probably 
due to the sometimes large variation in flexural and shear strength 
encountered for the same set of specimens. 
The theoretical· equation obtained by linear regression, for the 
fully reinforced prisms (all units in MPa); 
a = 1.922 V + 0.33 c.b u u (7.11) 
The magnitude of the slope and constant in equation ( 7. 10) is seen 
to be quite different to that obtained for equation ( 7. 11) • A 
possible explanation for this is 
(i) the partially reinforced prisms exhibited flexural strengths 
slightly lower than the fully reinforced prisms. This may 
account for the shallower slope of equation (7.10); 
(ii) the sh ar strength of the partially reinforced prisms was 
less than that of the fully reinforced ones, as expected. 
The flexural strengths however were usually similar, as 
mentioned in ( i) above. If the partially and fully 
reinforced specimen data are plotted together (Figure 7.38), 
because of the lower shear strengths of the partially 
reinforced specimens however, this data will lie to the left 
of the fully reinforced data. The best-fit line therefore 
yielded an intercept of magnitude 0.74 MPa higher than that 
obtained for the fully reinforced samples. 
line was 












Figures 7.37 through 7.38 clearly show the relationship between the 
shear strength and flexural strength of a SFRC specimen. Additional 
testing is required. to observe whether this relationship exists at 
very low and very high shear strengths. 
7.6.4 Cost Analygis 
The current cost of fibre types A-E per kilognn, inclusive of 
railage (for fibres not produced in Cape Town) , d.iscomit where 
offered and Goverrunent Sales Tax (G.S.T.) of 12% are 












R 3.02 • 
(The Binding Wire fibres were produced. by cutting up 50 kg spx>ls 
into fibres of the required. length. The three prices given above 
are therefore inclusive of material cost and cutting cost.) From 
the prices quoted, the ME430(25rin) and ME430(35rin) fibres are the 
most expensive, because they are imported. from Australia. 'lbe 
Binding Wire fibres produced. at Allans Meshco are the cheapest. 
7.6.5 Determination of Fibre Volune Required. 
All the tests performed under the "efficiency and proving Jiiase" of 
the test programne involved the comparison of SFRC composites with 











testing progranme, the performance of Binding Wire reinforced 
concrete slabs and arches subjected to static and impact load were 
to be compared with the performance of mesh-re inf oroed arches and 
slabs. It was therefore necessary to calculate the vol1..111e of fibres 
required to impart the pirtially reinforced slabs and arches with 
the same strength as mesh reinforcing. 
An ultimate strength analysis using conventional reinforced concrete 
beam theory was used to detennine the voltme of fibre required. The 
. 
asstDDed stress distributions at failure and the ultimate strength 
calculations are given in Appendix G. The calculations showed that 
1.24% by volume of Binding Wire fibres was required. A rounded 
value of 1. 25% V f was decided on. 
7.6.6 Calculation of Toughness Index for Binding Wire Reinforced Specimens 
Once the voltme of Binding Wire required had been determined, two 
additional sets of flexural tests were conducted on prisms 
reinforced with 1.25% vf and 1.50% vf , before the application phase 
of the program began. 
The deflection of the prisms tmder loading was measured at the beam 
centre and on either side, at the points of load application, using 
20nm travel dial gauges. Generally ultimate failure occurred at or 
near the central deflection gauge, but when the failure occurred 
near one of the points of load application, the dial gauge readings 
on that side were used. The load deflection plots for the 1. 25% V f 
partially and fully reinforced. prisms are shown in Figures 7.39(a) 
and 7 .39(b). The plots for the prisms reinforced. with 1.50% Vf are 











Load vs deflection plots of the type 'in Figures 7.39(b) and 7.40(b) 
are typical where the bond length tf is near to tCRIT and the fibre 
strength near 500 MPa ( 88 ) • The curves can be divided into three 
regions. The first corresponds to the linear elastic deformation of 
the prism until first-crack occurs. The deflection now becomes 
nonlinear while the load increases up until the fibres begin to 
debond. The second region of the curve represents the debonding of 
the fibres and is limited by the load when the fibre is debonded 
along its full length. The third part of the curve corresponds to 
the load transferred to the matrix by the shear stresses and 
friction. The sudden drops in the observed load in region three 
occur as some of the fibres fail or become completely debonded. 
The plots of Figures 7. 39 (a) and 7 . 40 (a) can also be divided into 
these three regions although region _two is observed to be much 
smaller, i • e. debonding of the fibres occurs over a smaller 
deflection range. This was expected because the. partially 
reinforced prisms only have fibres over the bottom half depth. As 
the cracks propagate under increased loading, a stage will be 
reached where the cracks propagate through the tmreinforced matrix 
and therefore the load capacity will drop off quicker than for the 
fully reinforced prisms. The sudden drop between the second and 
third region occurs when the fibres become fully debonded along 
their length and the residual load capacity thereafter is 












The Toughness Index is calculated. as the area under the load vs 
deflection curve up to the deflecticn point 1. 9nm di vid.ed. by the 
area under the load vs deflection curve up to the first-crack load. 
A.rarAL 1. 9nm =-.------
AF'IRST-cRACK 
Toughness Index 
The values of the index calculated from Figures 7. 39 and 7. 40 are 
given in Table 7. 8 (see end of written text). For the 1. 50% V f 
reinforced. prisms the index was greater for the fully reinforced 
prisms. This was expected. due to the much higher energy absorbing 
capacity of the fully reinforced. beams. The irdi.ces of the 
partially and fully 1.25% Vf reinforced. prisms however, were close 
despite the much higher energy absorption of the fully reinforced 
specimens. In this instance the index can be misleading because 
since the area up to first-crack is the divisor in the calculation, 
a mix having a high first-crack strength can have a low index. This 
is the case for the 1.25% Vf fully reinforced prisms. 
Despite the shortcomings of the index in situations as above, the 
load vs deflection plots of Figures 7 • 39 through 7 . 40 show the 
increased energy absorbing capacity of the fibre-reinforced prisms 
over the control prisms. The index varied between 6 and 10. 6 for 
the composites compared with 1.0 for the control specimens. 










































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































table 7.7 Correlation of flexural strength prediction equations with experimental results 143 
Equation constants Flexural strength (experiment) 
Method of analysis Flexural strength (calculated) 
constant A constant B Mean coefficient of variation (") 
Swamy and Mangat CR 0.877 1.474 0.998 8.4 
' 
ULT -0.873 2.072 0.993 14.0 
, CR 0.963 1.371 1.000 10.7 
ULT 0.932 2.010 1.000 15.5 
, 
l 
CR 0.882 1.465 0.996 8.4 vf If VB 
ULT 0.919 1.760 1.012 14.2 
CR 0.906 1.177 1.085 10.8 
ULT 0.924 1.973 1.011 15.9 
t 
CR 0.912 1.320 1.000 8.6 wf If VB 
ULT 0.908 1.908 0.995 14.0. 
' 
CR 1.000 1.200 0.994 10.8 . 











Table 7.8 Toughness Indices of SFRC specimens 
Area up to first-crack Area up to 1. 9Jlln deflection Toughness 
Beam type 1'ilm2 1'ilm2 Irxiex 
1.50% vf 
1 550 4299 7.81) 
PAP.TV' LL":' 
2 825 5044 6.24 6.79 
~i::;. 11,..)\-oR.c.c;.·;::, 
3 803 5070 6.32 
1 413 5298 12.83) 1-\..JLLv 
2 525 5296 10.09 10.68 
R..t:,. 1 i...... \:: o\:u::E..D 
3 932 5777 9.13 
1.25% vf 
p.c..Q...\"A~· -· .".' 
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KEY TO FIGURES 7.1 THROUGH 7.40 
FIBRE TYPE SERIF.S NO. 
I -:- SHREDDIC A 
WIRAND B 
I-=--_ __:-1 ME430(25uml c 
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( Fully reinforced ) 
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ULTIMATE FLEX. STRENGTH vs FIBRE % 
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RELATIVE SHEAR STRENGTH INCREASE 
























0.0 0.4 0.8 1.2 1.6 2.0 2.4 












RELATlVE SHEAR STRENGTH INCREASE 
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Figure 7.14(a) : Variation of relative compressive strength increase 
with increasing curing period 
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Figure 7.14(c) : Variation of relative compressive strength increase 
with increasing curing period 
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Figure 7.14(e) : Variation of relative compressive strength increase 












CUBE STRENGTH INCREASE vs FIBRE % 























0.00 0.40 0.80 1.20 1.60 2.00 2.40 2.80 
Fibre 3 by volume 


































0.00 0.40 0.80 1.20 1.60 2.00 2.40 2.80 





































0.00 0.40 0.80 1.20 1.60 2.00 2.40 2.80 

















Figure 7 .18 : SHAH AND MANGAT ANALYSIS METHOD 
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FLEX. CRACKING STRENGTH vs Wf.l/d 
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Figure 7.39(a):1.25% Vf LOAD DEFLECTION CURVES 
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Figure 7.39(b) :1.25% Vf LOAD DEFLECTION CURVES 
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Figure 7.40(a) =1.50% Vf LOAD DEFLECTION CURVES 
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Figure7.40(b) :1.50% Vf LOAD DEFLECTION CURVES 














Prisms partially reinforced (left) and fully reinforced 
(right) with 1.50% Shreddic fibres 
Fully reinforced prisms containing from left to right ) 














Partially reinforced prisms containing (from left to right) 
0.75%, 1.50% and 2.25% by volume of ME430(35mm) fibres 
respectively 
Prisms fully reinforced with (from left to right) 2 .25% -










Pl a te 7.5 
Plate 7.6 
178 
Prisms partially reinforced with (from left to right) 
2.25% - 0.75% by yolume of Binding Wire 
Examples of fibre balls (ME430(35rnm) on left and ME430(25mrn) 
on r ight) which were detected when mixing concrete with fibre 













Fibre ball detected in prism partially reinforced with 2.25% 
by volume of Wirand fibre 
Cubes reinforced with (from left to right) 2.25% Shreddic, 












TEST RlmJLTS AND DISCUSSIOO 
(APPLICATIOO RIASE) 
180 
From the Efficiency and Proving Phase it was determined that the 
Binding Wire fibres were the most suitable of the five types to use 
for reinforcing. The results of the static and impact tests carried 
out on mesh and fibre-reinforced slabs are given below. Thereafter 
the results of the same tests conducted on mesh and fibre-reinforced 
arches are presented. 
8.2 SLAB TESTING RFSULTS 
Table 8.1 shows the sequence of testing 
Table 8.1 Details of slab test panels 
Slab no. Type of reinforcement Test 
1-3 Mesh Sta.tic 
4-7 Fibre Static 
8-10 Mesh Impect 











It will be noted that four fibre-reinforced slabs were tested under 
static load compared to three mesh-reinforced. Because the third 
fibre-reinforced slab exhibited strengths below the preceeding two 
slabs, a fourth sample was cast and tested to observe whether this 
strength variation was normal. The data of all the tests is given 
in Appendix I ) . 
8.2.1 Static Tests 
MESH-REINFORCED SLABS The load vs central deflection curves 
obtained for the mesh reinforced slabs are shown in Figure 8.1. 
Fi~e 8.2 shows the plot for the deflection at the free edge. The 
curves are identical. On both plots the deflection is initially 
linear with increasing load, until cracking occurs, which is 
signified by the deviation in the initial linear plot. Visual 
observation of the slabs under load usually confirmed the onset of 
cracking; slab 1 was observed to crack after 10 kN load, slab 2 
deflections were observed to increase nonlinearly after 7 kN load 
and for slab 3'the loading had to be adjusted manually after the 
7 kN load. Un.forttmately the deflection at ultimate load is not 
shown in Figures 8. 1 and 8. 2, because the 50om deflection travel of 
the dial gauges had been exhausted.. The plots do, however, clearly 
show the linear elastic deflection of the slab with increasing load, 
followed by crack initiation and thereafter gradual yielding of the 
reinforcing mesh as the load increases to ultimate. At ultimate 
load, a series of audible snaps occurred, signifying failure of the 
mesh reinforcing. The ultimate load cape.cities of slabs 1-3 were 











Plate 8. 1 shows the yield pattern of mesh-reinforced slab 1 as 
viewed from the top. The curved yield lines appeared on the surface 
of the slab after the ultimate load capacity had been reached. They 
are thought to be due to a form of punching shear. The yield 
patterns observed for slabs 1-3 were sketched to facilitate Yield 
line analysis, in Figures 8.3(a) through 8.3(c). 
PARTIAILY FIBRE-REINRECED SLABS Figures 8.4 and 8.6 show the 
plots of the load vs central deflection and load vs free edge 
deflection respectively for the four partially fibre-reinforced 
slabs tested. During testing the deflection at the centre of slab 1 
, was observed to increase suddenly at the 3 kN load DBrk. This is 
evidenced in Figure 8.4 by the deviation of the plot from linearity. 
For slab 2 the load had to be manually kept steady for dial gauge 
reading after the 7 kN l ad point. A jump in the load-deflection 
plot indicates that cracking of the slab did occur at this load. 
For slab 3, the load could not be "locked off'' after 11 kN loading, 
indicating that cracking had occurred, although no deviation in the 
load vs deflection was observed. 
The third fibre-reinforced slab tested, exhibited an ultimate 
strength somewhat lower than the first two fibre slabs ( 17 .8 kN 
compared to 19.8 and 19.6 kN). A fourth slab was cast and tested, 
which yielded an ul ti.mate load capacity of 18. 8 kN and exhibited 
deflections more in accordance with slabs 1 and 2 (see Figure 8.5). 
The general yield pattern observed at ultimate failure of the 
partially reinforced slabs is sketch~ in Figure 8.6. Unlike the 











free edge to the load application points. The rest of the yield 
pattern closely approximated that of the mesh-reinforced slabs. 
It should be noted that the deflection axis of Figures 8.4 and 8.5 
only reaches 6nm, compared to 50nm in Figures 8. 1 and 8. 2. If the 
deflections of the partially fibre-re inf arced slabs are directly 
compared to that of the mesh-reinforced slabs tmder loading (Figures 
8.7(a), (b) and 8.8(a), (b)), the former are seen to exhibit only a 
fraction of the latter's deflection. For an 18 kN applied load, the 
average central deflection of the f ibre-reinf arced slabs was 4. 6D111 
compared to 15. 7nnn· for the mesh-reinforced slabs. At ultimate 
failure though, the deflections of the fibre slabs increased so 
rapidly that no accurate readings could be recorded to comPe.re with 
the mesh-reinforced slab deflections. 
It is believed that the large deflections recorded. for the mesh-
reinf orced slabs was due to the yield pattern - the slab developed a 
few major cracks which widened considerably as the load was 
increased. The fibre-reinforced slabs, however, developed only one 
visible central crack (see sketch Figure 8. 5) and it is believed 
that a number of closely spaced, hairline cracks (which were not 
visible to the naked eye) developed which would accotmt for the 
decreased crack width and defonnation at all stages of loading. In 
Plate 8.2 a pile of tested slabs is shown of which the bottan three 
are mesh-reinforced and the top three partially fibre-reinforced. 
The mesh-reinforced slab "pieces" were observed to rotate about 
their yield lines when picked up, whereas the top three fibre slabs 











DISCUSSION OF RFSULTS 
The failure mechanism of the mesh-re inf arced slabs showed that the 
steel was controlling, i. e: yielded first. A yield line analysis 
using the Work Method was carried out to detennine the yield moment 
capacity (see Appendix I. 3) • A value of 3. 01 kNm per metre length 
of slab was obtained, which compares· favourably with the 3.40 kNm 
per metre moment capacity as predicted by the ul tima.te sectional 
analysis. 
The average maxinn..un load sustained by the four pu-tially fibre-
reinforced slabs was 19.01 kN. This load capacity was sub-
stantially lower than the 27. 2 kN average obtained for the mesh-
reinf orced slabs. The yield line analysis carried out for the fibre 
slabs subsequently yielded a rather low 2 •. 34 kNm per metre length 
ultimate moment capacity (see Appendix I. 3) • 
From the results it is obvious that the pu-tially SFRC slabs had an 
insufficient fibre content, i.e. the Vf used was too low. After a 
critical examination of the calculation steps in Appendix G, the 
author believes that the problem lies with equations (G.4) and (G.5) 
as proposed by Hannant (reference 89). Equation (G.4) detennines 
the number of fibres (N) bridging a crack of llllit length. Equation 
(G.5) then asstUDes that all these fibres are stressed lllliformly. 
Thus no orientation factor has been applied to the value of N , and 
this results in a far too high value for Fft in equation (G.5). If 
an orientation factor of 0. 64 is applied to N , the value of V f 
detennined is equal to 2. 39%. This quantity is seen to ·be nearly 
double of that actually used, and would certainly have increased the 










8.2.2 Impact Tests 
MF.sH-REINFOOCED 
185 
The results of the Impact Tests performed on 
the mesh-reinforced and partially fibre-reinforced slabs are given 
in Appendix I.4 and I.5. The mesh-reinforced slab 1 cracked after 
the 400nm drop height, the crack width measuring 0.3nm. After the 
500nm high drop, the central crack had widened to 0.9nm. Very fine 
cracks were observed at the free-edge of slab 2 after the 300nm high 
drop. After the 500nm high drop one of the cracks was visible on 
the top of the slab. The third mesh-reinforced slab was observed to 
have cracked after the weight had been dropped from 400om. After 
the 600om drop height, this crack was visible on the top of the 
slab. 
The three slabs exhibited similar crack patterns as shown in Figures 
8.9(a), (b) and (c). These patterns were much the same as those 
occurring for the statically loaded mesh-reinforced slabs. For the 
1200mm plus drop heights, however, the slabs tended to deform more 
along a few of the yield lines, as shown by Plate 8. 3. The third 
mesh-reinforced slab was subjected to the impact load from as high 
as 1 . 6 metres to observe whether the slab would collapse. The slab 
in Plate 8.3 shows the large defonna.tion of the slab associated with 
a 1 . 6m drop height, but still no collapse. The test was stopped 
here as sufficient data had been obtained and considering the 
deflections were probably way beyond the allowable service ability 
limits of structural and building codes. 
The pennanent deflection and total ( i.e. elastic plus permanent) 
deflection of the mesh-reinforced slabs measured for the various 











seen to have exhibited the same deflections up to the 800nm drop 
height, and begin to deviate thereafter. This was expected as the 
slabs had by then def onned considerably along slightly differing 
yield lines. 
PARTIALLY FIBRE-REINFORCED SLABS Slabs 1 and 2 first cracked 
along the centre line from the free edge up to the load impact point 
, 
after the 400mm drop height. Slab 3 was observed to have very fine 
hairline cracks along the same route after the weight had been 
dropped from a 300nm height. With increasing drop heights, .a number 
of cracks were seen to radiate outwards from the point of impact, as 
shown by Figures 8.ll(a), (b) and (c). After the 500m drop height 
the cracks had opened, widened substantially, and at the 600nm drop 
height slab 2 completely failed, breaking up into three pieces. 
Slab 1 and 3 also failed catastrophically after being subjected to 
the impact weight dropped from 700mm. Plate 8.4 shows the fractured 
sections of slab 1 after such an impact drop. 
The permanent and total ( i.e. elastic, and permanent) deflections 
recorded for the increasing drop heights are plotted in Figure 8.12. 
If one compares the yield line patterns of slabs 1 and 3 (Figures 
8. 11 (a) and ( c) ) , the similarity is apparent which accotmts for 
their similar impact vs deflection plots. The yield pattern of slab 
2 was more in accordance with that observed for the statically 
loaded, partially fibre-reinforced slabs. The large deflections 
measured after (and including) the 500nm drop height can be 
attributed. to the increasing· number of fibres which by then had 
debonded fully and were being pulled out, while the remainder of the 












DISCUSSION OF SLAB IMPACT R&5ULTS The impact testing was 
conducted to see whether the partially SFRC slabs and mesh-
reinforced slabs satisfied the requirements of the "Minimum 
Agreement Norms and Technical Advisory Guide (MANTAG). Table 8.2 
shows the MANTAG resistance criteria of walls to impact damage by a 
sandbag (soft body) impact ( 92 ). The equivalent impact energy values 
in Table 8.2 can be compared to the tests conducted by converting 
the 160 kg mass system and drop height; 
ENERGY ~ALENT = SANDBAG-MASS x DROP x 9.81 
SYS'I»1 HEIGIIT 
(kg) (m) 
= 1570 x Drop Height (joules) 
Figures 8.13(a) and (b) show. the energy vs pennanent displacement 
curves obtained for the mesh and partially SFRC slabs. 
Table 8.2 states that for an external wali subjected to impact load 
of 1 265 joules (Nm) from the outside, the resulting cracks may not be 
wider than 0.5DID and the permanent deformation of the wall must be 
less than l/600th of the wall height. The effective slab width was 
2.025 metres which would allow for a permanent deflection of 3.411111. 
The energy equivalents as read off curves 8.13(a) and (b) for this 
deflection are; 
Mesh-reinforced slab 480 joules 
partially SFRC slab 560 joules 
indicating th.8.t both types of reinforced slabs were more than strorig 
enough, the partially SFRC slab over twice the MANTAG requirement. 
The drop height for the fibre-reinforced slab at 560 J equivalent 
energy was 360nm as read off Figure 8.12. Since slabs 1 and 2 only 












only 0.25um at the same height, the partially SFRC slabs adequately 
met both MANTAG requirements. At 480 J energy, a drop height of 
310nm was read off Figure 8.10 (mesh-reinforced slabs). Since the 
mesh-reinforced slabs 1-3 first cracked after the impact load had 
been dropped from 400, 300 and 400um heights, the mesh-reinforced 
slabs also adequately met the MANTAG requirements. 
Table 8.2 shows that the external walls should be capable of with-
standing a 412 J impact energy without collapsing. All three 
partially SFRC slabs withstood the impact drop from a 500nm height, 
which is equivalent to 785 joules. The mesh-re inf arced slabs, 
however, were capable of absorbing in excess of 2500 joules. The 
~tially SFRC and mesh-reinforced slabs therefore met this MANTAG 
requirement with ease. It should be noted that the deflections in 
Figures 8.13(a) and (b) were cumulative for the increasing drop 
heights. If a new slab had been used for each new drop height (as 
is expected by the MANTAG Table 8.2) the permanent deflections would 
have been far less and the associated energy equi val en ts for a 
3.34nun deflection much higher. 
8.3 ARCH TEST RESULTS 
8.3.1 Static Tests 
The load vs crown deflection curves obtained for the mesh-reinforced 
arch 1 and 2 are shown in Figure 8.14. The deflections were taken 
as the average of three dial gauges placed across the width of the 
crown. (See Appendix J .1 for recorded results.) Asstming as usual 
that the inability to "lock off" the applied load indicated the 












kN, and arch m.nnber 2 between 11-12 kN. There are, however, no 
visible deviations or kinks in the load-deflection plots in Figure 
8.14 at these loads. The ultimate load capacity of arch 1 was 45.2 
kN, while arch m.nnber 2 failed at 44.1 kN. 
Figure 8.15 shows the load vs crown deflection curves obtained for 
partially SFRC arches 1 and 2. (Test results given in Appendix 
. J. 2. ) Initially the plots are identical up tmtil 30 kN applied 
load. Arch number 1 cracked somewhere between 13 and 14 kN applied 
load. During the actual testing of arch 1 the dial gauges were 
observed to "flicker" at 13.8 kN load, which tends to support the 
above assumption. Arch 2 was thought to have cracked between 10 and 
11 kN applied load. However, no deviation from the plot of arch 
number 2 is visible. The ultimate load capacity of arch 1 was 42.1 
kN, and for arch 2 equal to 44.5 kN. 
DISCUSSION OF RESULTS If one compares the cracking and 
ultimate load capacities of the mesh-reinforced and partially SFRC 
arches, they are seen to be very similar. Additionally, if Figures 
8.14 and 8.15 are compared, the plots of the two different 
reinforced arches are observed to be nearly identical. The mesh-
reinforced and partially SFRC arches therefore exhibited. nearly 
equal static strengths, whereas for the slab shaped test panels the 
fibre-reinforced specimens were much weaker than those reinforced 
with mesh. The improved performance of the fibre reinforcing in the 
arch and test specimens is therefore seen as primarily a result of 












For the average ultimate load of 44.65 kN, the ultimate moment at 
the crown was equal to 5. 4 7 kNm per metre length and the axial 
thrust was 137 .48 kN (using elastic analysis). This is somewhat 
higher (20%) than the ultimate moment of resistance of 4.55 kN/m as 
determined from an ultimate sectional analysis (see Appendix J.3 for 
calculations) . 
8.3.2 Impact Tests 
The pennanent (plastic) and total deflections recorded for the arch 
test specimens subjected to impact loading are given in Appendix J.4 
and J.5. 
The impact drop height vs crown deflection curves recorded. for the 
mesh-reinforced arches are shown in Figure 8.16·. The, permanent 
deflections of arches 1 and 2 are seen to be nearly half the 
magnitude of the total deflections. -Visual observation (using a 
bright halogen lamp) revealed fine hairline cracks on the crown 
underside of arch 1 after the 400mm high drop and on arch 2 after 
the 300nm high drop. With successive impact loads these cracks 
widened slowly. The test was stopped after the impact load had been 
dropped from 1 • 2 metres, because by then the central crack had 
propagated to the top of the crown. 
Figure 8.17 shows the impact drop height vs crown deflection curves 
of the partially SFRC arches. The two plots are very similar with 
only the pennanent deflections deviating from the 0.6 metre high 
drop onwards. Comparing Figures 8 .16 and 8 .17 one will note the 
lower deflections of the partially SFRC arches at all drop heights. 
The deflections are generally between 2-3nm less indicating that the 












better than the intennittently spaced mesh reinforcing. This only 
CX!Curs for impact loading though, and is not apparent for static 
loading. 
NC1I'E ON IMPACT TEST RESULTS Figures 8.16 and 8.17 both show a 
surprising variation in the shape of the plot beyond the 0.6 metre 
drop height. Up to the 0.6 height, the plots are curvilinear yet 
beyond this drop height the plots appear to be linear. The only 
explanation for this uncharacteristic change concerns the 
effectiveness of the arch support set-up. As mentioned in section 
6. 3. 5, disruption of the concrete occurred at the bearing points 
after the 600nnn high impact drop, increasing in severity with 
succeeding impact loadings. Once the impact load had been dropped 
from a height of 1 metre the concrete in i.nmediate contact with the 
bearing plates was seen to be crushed and "crumbly". The plots of 
Figures 8. 16 and 8. 17 above the 0. 6 metre high impact drop should 











Table 8.2 : MANTAGcriteria for resistance of walls 
to impact damage by sandbag impact (1 joule = 1 Nm) 






External walls (impact) 














Without ~ithout causing 
causing appreciable 

























NOTE: The figures in brackets are the energy equivalents. 
1 400 mm 
(412 J) 
Cracks formed must not be wider than 0,5 mm and their aggregate 
length muat not exceed 300 an. Permanent deformation or displace-















































































































































































































































































































































































































































Yield line pattern of slab 1 


























~ \..OA D 
Al=>~ _ \ _;. />., '. 





Yield line pattern observed for slab 3 
196 
Plate 8.1 : Yield lines of slab 1 as viewed from the top of the 



























































































































































































































































































































































































































































































General yield pattern of partially SFRC slabs 
ob s erved under static loading 
199 
Plate 8.2 : A group of tested slabs; the top three were partially 













Figure 8 . 7( a ) : STATIC TESTS OF MESH SLABS 
30 ·-·- ·- · 
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Figure 8.7(b) STATIC TESTS OF MESH SLABS 
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Figure 8.8(b) =STATIC TESTS OF FIBRE SLABS 
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Figure 8.9(a) : Crack pattern of mesh reinforced slab 1, 
failure occuring along dark lines 
\ 
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Figure 8.9(b) : Crack pattern of mesh reinforced slab 2 
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Figure 8.9(c) : Yield pattern of slab 3 subjected to impact 
loading . The ax i s of rotation of the fractured panels are 
shown as dotted lines. 
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Plate 8.3 View of mesh reinforced slab 2, j ust after being 









































































































































































































































































Figure 8.11(a) : Crack pattern and ultimate yield lines (dark) 
of partially SFRC slab 1. The numbers represent cracks occuring 
at that drop height. 
Figure 8. 11 (c) 
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Crack pattern and ultimate yie l d lines (dark) 











Figure 8.11(b) Sketch showing crack pattern of partially 
SFRC slab 2 
Plate 8.4 : Catastrophic failure of partially SFRC slab 2 
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Deformation of mesh-reinforced slab after 
ex tensive impact loading 
Catastrophic failure of a partially SFRC slab 














The conclusions drawn from the Efficiency and Proving Phase are 
presented first, followed by those drawn from the Application Phase. 
EFFICIENCY AND PHOVING ~ 
1. Various analyses of the flexural strength test data obtained 
showed that a linear relationship between the flexural 
strength of SFRC specimens and the product (Vf • t/D) 
existed. Theoretical equations, with constants derived from 
the test data, show good correlation with actual results. 
2. An alternative theoretical appr0ach relating the fibre 
centroid spacing to the SFRC flexural strength also showed 
very good correlation with test results. 
3. The flexural tests conducted on SFRC specimens showed that 
specimens partially reinforced with steel fibres exhibited 
flexural strengths very close to those fully reinforced. 
Since the steel fibres are the most expensive constituent of 
the matrix, partial reinforcing would enable considerable 
cost savings. 
4. With most fibre types there is a limit to the volune of 
fibre which can be added to the mix, before the workability 
and homogenui ty of the composite is adversely affected. 












ratios could only be used in limited quantities in order to 
avoid workability problems. 
5. While there was an inherently high coefficient of variation 
between test results of the ACI Impact Test, the increased 
m.unber of blows required to ca.use cracking and failure of 
the SFRC samples was evident. The test clearly showed the 
significantly improved impact resistance of the SFRC 
specimens relative to plain concrete. 
6. The Efficiency and Proving Phase tests demonstrated the 
superior influence of the Binding Wire type fibres on the 
mechanical properties of a concrete matrix. This, combined 
with the low production cost of the fibres, led to their 
selection for further testing in the Application Phase. 
APPLICATION HIASE 
7. Al though the 1. 25% V f partially reinforced slabs exhibited 
1 lower load capacities than the mesh-reinforced slabs under 
static loading, the slab deflection of the fonner was 
substantially less than that recorded for the latter. This 
factor is of importance when one considers the low allowable 
deflections given in most structural and building codes. 
8. Under impact loading, the 1. 25% V f partially reinforced 
slabs showed slightly lower def lection.S than the mesh-
reinforced slabs. Thus, within the limits proposed by 
MANTAG, the partially SFRC slabs are stiffer. However, for 
high impact energies the partially SFRC slabs failed 
catastrophically compared to the mesh-reinforced slabs. It 












meet DK>re stringent requirements by, say, the SABS National 
Building Regulations. 
9. Unlike the slab test panels, the partially SFRC and mesh-
reinf orced arches exhibited the same static load capacity. 
It was realised that this was due to the test panel shape 
rather than the effect of the fibres. Under impact loading, 
the partially SFRC arches exhibited slightly lower 
deflections than the mesh-reinforced arches, for the same 
reason. 
The application phase of the test program clearly demonstrated. the 
improved perf onnance of partially SFRC compared to mesh-reinforced 
concrete for the MANTAG criteria. Although the mesh-reinforced slab 
panels exhibited higher ultimate static and impact load capacities, 














Based on the observations made during specimen preparation and 
subsequent testing it is recOlllDeilded that 
1. The high aspect ratio of the Binding Wire fibres be reduced 
so that a less stiffer, more workable mix be obtained. For 
the high aspect ·ratio used, fibre balls were observed to 
occur during mixing with fibre voltunes as low as 1.50%. 
Additionally, the time and effort required to adequately 
compact the fibre mix nullified any time saved from not 
having to fix steel mesh in place. 
2. When calculating the vol\.Dlle of fibre required to yield the 
same strength as mesh-reinforcing (Appendix G calculations), 
an orientation factor of 0.64 be applied to equation (G.4). 
It is expected that closer correlation of the ultimate 
static load of the partially SFRC slabs and mesh-reinforced 
slabs will then occur. 
3. A combined partially SFRC and mesh-reinforced section be 
cast and tested under static and i.mpect loading. The steel 
fibres will ensure greater rigidity under static loading 
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UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
UNIVERSITY EXAMINATION CIV502F (1986) 
OPEN BOOK EXAMINATION - 3 HOURS 
1. Discuss briefly all the desirable properties of 
(a) the steel used for prestressing, and 
(b) the concrete used for prestressed concrete. 
2. Sketch and discuss the concrete stress distributions 
behind different arrangements and .sizes of tendon 
anchorages. 
3. Discuss the advantages of full prestressing vs. 
partial prestressing vs. reinforcing only, of 
concrete beams. 
'. 
4. Give the advantages of pretensioning vs. post-
tensioning of concrete members. 
5. (a) For the prestressed concrete beam section shown 
overleaf, find the stresses in the extreme 






at the SLS using an uncracked section analysis. (17) 
(b) What is the degree of prestress K ? 
(c) Estimate the maximum crack widths on the beam 
soffit at the SLS by any Code; without doing a 
cracked section analysis. 




the sagging flexural capacity ~ in kNm , by 
analysing the section, and 
the shear capacity Vu 1n kN 
- both by SABS0100 for the ULS. 


















BEAM SECTION A • 0,480m2 
z = 1 0,09117m 




I = 0,0661m 4 
3 3 
z2 = 0,13916m 
a 2 = 475 




f = 250MPa yv 










e 1o# -~------ + _....,. __ _ 
100: ...______ :..::+-
50 tt- -tt 50 
r- 300-.t 
Y bars 
f = 460 HP a y 
E = 200 GP a s 
1430 
1144 
8 x 15,2 ¢ strands : A = 1104mra2 
p 




f = 1645 MPa 
pu 
f = 0,75 f 
pt pu 
f = 0,85 f 
pe pt 




£ 0 ;00572 
I 
0,012!5 
ULS DESIGN STRESS-STRAIN GRAPHS 
Concrete grade f = 50 MPa cu E = 34 GPa c 
flexural tensile strength = 2,6 MPa by BS8110 
{Md • 900 kNm 
S.L.S. values M. = 1100 kNm i.max 
M •• = 0 i.min 
U.L.S. values 
{
M = 3000 kNm } occurring simultaneously at the 
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UNIVERSITY OF CAPE TOWN 
DEPARTMENT OF CIVIL ENGINEERING 
UNIVERSITY EXAMINATION .JUNE 1986 
CIV 5078 THEORY OF ELASTICITY 
Time TWO HOURS 
ANSWER ALL QUESTIONS 
( 5 PAGES ) 












( PACE 2 of 5 PACES ) 
QUESTION 1. 
(a) The constitutive equations of an isotropic elastic material are 
(b) 
Show that the mean stress Om• 1 (011 + 022 + 033) and volume strain 
3 
Ev .. t11 + t22 + E33 are related by 
a m 
.. E (i) 
By considering (i) for the case when fo] • p[I] where p is a positive 
constant, explain why a value of Poissons ratio v > ~ is physically 
unacceptable. 
( 10 ) 
The stress matrix at a point in an elastic·material is given by 
r-~ 
-13 
~] lol = E 5 0 
where E is Youngs modulus. Find the principal stresses, the 
corresponding principal strains (in terms of v) and the principal 
directions~ If £
3 
is the principal strain corresponding to the 
·smallest principal stress, is it possible for £
3 
to be negative? 
( 20 ) 
( 30] 














( PAGE 3 of 5 PAGES ) 
(a) In the problem of torsion of prismatic bars the warping function 
t<x1,x2) and Prandtl's stress fqnction +Cx1 ,x2) are related to each 
other and to the shear stress 0 13 and 0 23 
by 
013 • Ga c!!L - x > • !!... G • shear modulus 
ax 2 ax2 l a • angle of twist per unit length. 
0 23 = Ga (~+ x ) .. -
M_ 
ax l axl 2 
Show that the equilibrium equations require that t be harmonic. 
Show also that + satisfies ~· = -2Ga • Given that • satisfies 
on the boundary, show that + = constant on the boundary, equal to zero, 
say. 
( 15 ) 
(b) Describe the analogy between the torsion problem and the problem of a 
thin membrance carrying a tension T and subjected to a transverse 
pressure P. Use the membrane analogy to show that the stress function 
4> for a bar of thin rectangular cross-section is given apprc;iximately by 
xl "' 
t2 2 ---;,-
4> = Ga ( xl ) t ! loK2 4 ~ 
. \ ~ b I,. 
>\ '1" 
where t is the thickness and b (>>t) is the breadth of the cross-
section. If T is the resultant shear stress at any point on the cross-
section, show that the applied couplec and the maximum value T of max 
T are related by 
c c: ! bt 2 .T 
3 max 
given that C .. 2f f+ dA. 
( 20 ) 













( PAC! 4 of S PACIS ) 
(c) How is 1 the couple C related to Go for the angle section 1hown? 





( s ) 
I 401. 
(a) An isotropic elastic l::.alf-space is subj cted to a state of one-
dimensional strain (i.e. Ell= t 11 Cx,t); O, all other components 
zero) by the action of a pressure p(t) on its ,bounding surface. 
Use the constitutive equation 
and the equations of 1111Ction to show that the displacement u
1
= u 
satisfies the wave equation 
in the absence of bod~ forces. Give c in.terms of Lame's constants 
>.., lJ • 
p(t) 













(b) The solution to this problem is 







( PAGE S of 5 PAGES ) 
where p(s) • 0 for s<O. Describe the entire displacement history 




That is, obtain explicit expressions for u(x,t), and explain what 
happens over the period of time t. > O, at a point x. 
( 20 ) 
[ 30] 
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* The examination is 4 hours 
* Books and references permitted 
* Attempt all questions 
234 
18 JUNE 1986 
TOTAL MARKS 85 
* Where relevant refer to publications, tables and graphs 
during calculations. 
* Show all working. 
1 • Refer to Annexure A. ( 35) 
2. An existing Provincial road near Kroonstad is to be 
rehabilitated. The traffic has increased more than 
originally allowed for. The authorities wish to retain as 
much of the existing pavement as possible. Recommend the 
best solution taking into account that the road cross-
section will remain unaltered and that a premix wearing 






The following information is available: 
Current equivalent traffic per lane per day =180 E80 
The estimated new growth = 6% 
The rehabilitation will be carried out 5 years from now. 
Average CBR along the centreline below the 
existihg pavement is = 10 
The existing layers consist of: 
Surf acing chip and spray 
Basecourse - crusher run = 100mm 
Subbase natural gravel CBR 30 ~ 150mm 
Selected layers = 150mm 
Total thickness = 400mm 






















Using the latest PCA design method for concrete pavements 
determine whether a concrete pavement complying with the 
following particulars will be adequate for the subgrade 
and traffic conditions. The attached calculation sheet 
should be used. 
Modulus of subgrade reaction k 
Untreated subbase 
Concrete pavement 
Modulus of rupture (28 day) 
Rural freeway with premix shoulders 










Single-axle (KN) Expected Repetitions 
130 650 
120 820 
11 5 1 320 
105 1 500 
95 25 000 
85 61 000 
Tandem-axled (KN) Expected Repeitions 
240 700 
230 1 000 
225 1 200 
215 4 000 
200 5 000 
190 9 000 
185 15 000 
175 35 000 
Using the CBR method, design a flexible pavement 
Vickers Vanguard as the design aircraf_t. 
recommended balanced pavement layer design 
results obtained. 
The following information is available: 
Basecourse CBR 
Subbase CBR 
Selected layers CBR 
Subgrade CBR (E9) 
Spacing between adjoining wheels 




























5. Determine the percentage voids in the mix based 
the "Marshall" bulk specific gravity and the 
theoretical - "Rice's" Specific Gravity of the 
Also determine the voids in the mineral aggregate. 
The following has been determined in a laboratory: 
Max. theoretical S.G. of sample 
Bulk S.G. of the sample 
Bitumen content 
Bitumen absorption 
Apparent S.G. of bitumen 















1 , 01 
2,76 
{ 1 0 ) 
6. Discuss briefly the different means of stabilisation and 
their agents and also the reasons for stabilisation. State 
if any types of materials are not recommended for 
stabilisation and if so give reasons for this. 
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Q.JESTI C1.\ 1 
A thin circular plate of thickness h and radius R is subjected to a 
constant (a.xisymnetric) traction T per unit length along its edge and 
normal to it, and in the plane of the plate. 
From the potential energy show that the governing differential equation in 









au = ar 
u = r 
0 dz r 
and derive the bmmdary conditions. 
Q-1ESTION 2 
A thin rectangular plate of thickness h and sides a and b is simply 
supported on all four edges and loaded with a transverse unifonnly 
distributed load q. Compute the maximum deflection of the plate using a 


















w ) + d....-&-« A+ 
0 
By using the condition for stationarity of a functional, obtain the 
governing equations and .. boundary conditions for this problem. 
QUESTION 4 
Consider a thick circular plate which rests on an elastic foundation with 
foundation constant s. 
Derive the element stiffness matrices of the displacement finite element 
method for this special case with axisyumetric loading. 












UNIVERSITY OF CAPE TOWN 
DE?ARTMENT OF CIVIL ENGINEERING 
UNI~ERSITY EXAMINATION - NOVEMBER 1986 
COURSE CIV 5255 - CONTRACT LAW 
OPEN BOOK EXAMINATION 
Time · 135 Minutes 
PL~ASE ANSWER ALL QUESTIONS BEARING IN MINO THE NU~SER OF 
QUESTIONS. IT IS SUGGESTED THAT YOUR ANSWERS BE KEPT AS 
8RIEF AS POSSIBLE. 
















You are a director of a construction firm. You are 
instructed by a development company (DC (Pty) Limited) to 
build certain houses on Erven owned by individual owners 
with whom DC (Pty) limited had entered into contracts for 
the erection of the houses. As work progressed the 
individual owners paid DC (Pty) limited. A dispute breaks 
ou~~etween your company and DC (Fty) Limited causing delays 
in the building operations which resulted in the individual 
owners engaging another contractor to complete the houses. 
You have not yet been paid in full by DC (Pty) Limited for 
the work done by you for that company. You do not want to 
give up possession of the building works until you have been 
paid in full and the individual owners institute oroceedings 
against you for an order claiming possession of the site. 
Your managing director asks you for your advice in regard to 
these proceedings. 
Advise him as to the prospects of success in the action by 
the individual owners. 
(10 Marks) 














Would your advice be different - and if so - what would you 
advise if in the circumstances menticned above it had been 
agreed between your company, the individual owners and 
DC (Pty) Limited that although DC (Pty) Limited would be 
doing the development, your company would in fact be 
contracting and building directly with and for the 
individual owners and they were in arrears with payment to 
you as a result of a dispute which they had with you and 
with DC (Pty) Limited and they now wished to obtain 
possession of the building works? 
(5 Marks) 















May a contractor in a lump sum contract claim payment 
for work done without having comple:ed the work? How can he 
ensure that he can receive payment for work done before 
completing the whale work? 
(5 Marks) 














What is the principle of "Quantum Meruit"? Where would this 
principle apply in regard to constr.~ctian work and indicate 
the principles laid dawn in Middleton v Carr 1949 (2) SA 374 
(AO) dealing with that issue? 
(10 Marks) 














QUESTION 4 ________ ,_ 
What is a delict and distinguish between the rules relating 
ta liability far delict and liability far breach of 
contract? 
(5 Marks) 























misrepresentations and indicate in each case what claims may 
be instituted by a Plaintiff suffering as a result of each 
of the above misrepresentations? 
(5 Marks) 
QUESTION 6 I .... 














In what circumstances could a person who expresses an 
opinion during the course of negotiations with another party 
be liable to that other party for damages if the opinion was 
expressed incorrectly? Quote any relevant authority. 
(5 Marks) 
QUESTION 7 I .... 















May one contract out of liability for negligence in 
rendering a service which service one has agreed to do? 
Write a short note on exemption/disclaimer clauses, quoting 
any relevant authority. 
(10 Marks) 
QUESTION 8 I .... 














What are the duties of the engineer's representative in 
terms of the General Conditions of Contract 1982 as issued 
by the South African Institution of Civil Engineers? 
(5 Marks) 
QUESTION 9 I .... 














In what circumstances may a contractor have a right under 
the said General Conditions of Contract to make any claim 
for additional payment should he encounter adverse physical 
conditions during execution of the work, and what procedure 
must he follow? 
(5 Marks) 
QUESTION 10 I .... 















When may an extension of time be granted in terms of the 
said General Conditions of Contract? 
(5 Marks) 
QUESTION 11 I .... 















What is the difference between "extra work" and "additional 
work"? What procedure must be followed by the contractor as 
a condition precedent to the engineer taking into account 
any extra or additional work in regard to a request by the 
contractor for an extension of time for the completion of 
the works? 
(5 Marks) 
QUESTION 12 I .... 













May a penalty in a construction contract be enforced? In 
what circumstances may the Court intervene to reduce the 
amount of a penalty imposed in terms of a contract? 
(5 Marks) 
QUESTION 13 I .•.. 
















What are the rights of an employer in terms of the General 
Conditions of Contract 1982 where the estate of a contractor 
has been sequestrated? 
What are the rights of a contractor in terms of the said 
General Conditions of Contract 1982 in the event of the 
estate of the employer being sequestrated and what are the 
consequences of the contractor exercising those rights as 
laid down in the said General Conditions of Contract? 
(10 Marks) 
QUESTION 14 I .... 














Write a short note on the mediation procedure as provided 
for in the General Conditions of Contract? 
(10 Marks) 
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1. This is an open book examination. 
2. Answer al 1 five questions. 
3. Write on right hand side of the book only. 
4. The use of calcu~ators is permitted. 
5. This paper consists of 8 numbered pagP..::;. 
. ._ . 
\,/ues 1.,lC:n Des er iptic·n Marks 
1 Standard Costing 20 
2 Capital Budgeting 25 
3 Financial Analysis 20 
4 Responsibility Accounting 20 






















QUE$1:'ION. .... .l (2(J marks) 
The Remro Company uses standard costs. The purchasing manager, Peter 
Price, is responsible for material-price variances, and the production 
manager, Juan Pusher, is responsible for material usage variances and 
direct-labour price and efficiency variances. 
The standard price for metal used as a principal raw material was R2 
per kilogram. The standard allowance was six kilograms per finished 
unit of product. 
The standard rate for direct labour was R14 per hour. The standard 
allowance was half an hour per finished unit of product. 
During the past 
However, strike 
labour. Actual 
80 000 kilograms 
000 kilograms of 
REQTJIRED: 
week, 10,000 good finished units were produced. 
action caused the.production manager to use unskilled 
labour costs were R78 000 for 6,500 actual hours; 
of metal were acquired for Rl.80 per kilogram, and 71 
metal were consumed during production. 
1. Compute the material purchase-pribe variance, material usage 
direct-labour 
(10 marks) 
variance, direct-labour rate variance, and 
efficiency variance. 
2. As a supervisor of both the purchasing manager and the production 
manager. how would you interpret the feedback provided by the 
computed variances? (6 marks) 
3. What are the budget allowances for the production manager for 
direct materials and direct labour for the past week? Would they 














QUE$ 'I.'IQN __ z (25 marks) 
As Financial Director of the Buchin Company, John Northrup has just 
presented the managing director with his analysis of the proposed 
addition of a new product, code-named Zim. Northrup summarised his 
opposition as follows: 
Zim should be rejected because it will not earn the minimum required 
rate of return of 10 percent after taxes. We cannot sell enough units 
to breakeven, even though our marketing people insist that the product 
can be sold without increasing our sales force. 
Zim is expected to be a highly saleable product for the next ten 
years. Our market research department has predicted a sales volume of 
45,000 units per year at a selling price of Rl2. But my computations 




Variable factory overhead at 25% of direct labour 
Other costs (~sing companywide absorption rates): 
General factory overhead at 25% of direct labour 
Selling and administrative costs at 1/6 selling price 








Zim will occupy space that is being vacated by our old product, Yim, 
which is now obsolete. The new Zim department will incur fixed costs 
of RlOO 000 annually. This sum includes R50 000 of annual straight-
line depreciation on R500 000 of contemplated new equipment. The 
equipment is expected to have a ten-year life and zero scrap value. 
The other R50 000 is composed of various incremental indirect general 
factory-overhead and selling and administrative expens~s. 
The breakeven volume is RlOO 000 divided by R2 contribution per unit, 
or 50,000 units. 
My computation of the breakeven point is conservative in the sens~ 
that direct labour could be looked at as being a fixed cost. A 
special work force will have to be trained. These personnel will not 
be transferable to other departments and vice versa. 
An additional R130 000 will be spent to (a) clean up the area where 
the new Zim department w~ll go and (b) cover startup and learning 
costs. This sum can probably be written off immediately for book and 
tax purposes. Because the R130 000, represents a once-off 
expenditure, it has been excluded from the breakeven analysis. 
Our total working capital investment will immediately increase by 
about 25 percent of Zim's sales. Because this is fully recoverable as 
a lump sum whenever we drop Zim from our product .line, it too has been 














Last year we spent R300 000 on product development and market research 
for Zim. Although we have written this off immediately for both book 
and tax purposes, I think it should be amortized over the first five 
years of Zim sales. Of course, this would make the picture look even 
gloomier. 
The after-tax effects of the above analysis would decrease Zim's 
attractiveness. The applicable income-tax rate is 48 percent. As you 
know, our chairman has insisted that we use the same depreciation 
method for book, tax, and decision purposes because he feels it is 
somehow dishonest to "keep more than one set of books." The Receiver 
of Revenue will grant a wear and tear allowance of 10 percent per 
annum straightline. The company does not qualify for the initial 
allowance. 
1. Appraise Northrup's analysis. 
points with which you disagree. 
Be specific by citing all his 
(8 marks) 
2. Prepare your analysis of the attractiveness of the proposal based 
on an annual volume of 45,000 units. Use discounted cash flow. 
(14 marks) 













Du Pont Limited operates in the shoe industry. 




You have been asked to analyse the company's financial position, in 
particular, to assess the company's management of current assets 
and use of debt. 
The financial statements for 1986 and 1985 are presented below: 
Ordinary shareholders' equity 
Redeemable preference share capital 
Long-term liabilities 
~mployment of C~~~tAl 
Fixed assets 
Net current assets (working capital) 
Stock 
Accounts receivable 








































(All sales are on credit) 








Net income before interest and tax 
Interest 
Net income before tax 
Less: Taxation 
Net income after tax 
Less: Extraordinary loss 
Less: Preference dividends 
I 
Ordinary dividends 
Retained income for the year 
Retained income at beginning of year 
Retained income at end of year 
Current ratio 
Acid test (Quick ratio) 
Stock turnover (sales/stock) 
Accounts receivable collection period 
Debt ratio 
Times interest earned 









































1. Compute the relevant rati0s for 1986 and 1985 required for an 
analysis of the company's liquidity position and management of 
2. 
current assets. Comment on your findings. (13 marks) 
~ompute the relevant ratios for 19B6 and 1985 required for an 
analysis of the company's use of debt to finance its 















MBR Limited consists of three divisions which formerly were three 
independent manufacturing companies. Bad~r Company and Roach 
Company merged in 1985 and the merged corporation acquired Mitchell 
Company in 1986. The name of the Company was subsequently changed 
to MBR Limited, and each company became a separate division 
retaining the name of its former company. 
The three divisions operate as if they are independent companies. 
Each division has its own sales force and production facilities. 
Each division's management is responsible for sales, cost of 
operations, acquisition and financing of divisional assets, and 
working · capital · management. The corporate management of MBR 
evaluates the performance of the divisions and division managements 
on the basis of return on investment (that is, net income divided 
by invested capital). 
·Mitchell Division has just been awarded a contract for a product 
which uses a component that is manufactured by the Roach Division 
as well as by outside suppliers. Mitchell used a cost figure of 
R3.80 for the component manufactured by Roach in preparing its bid 
for the new product. This cost figure was supplied by Roach in 
response to Mitchell's requ~st for the average variable cost of the 
component and represents the standard variable manufacturing cost 
and variable selling and distribution expense. 
Roach has an active sales force that is continually soliciting new 
prospects. Roach's regular selling price for the component 
Mitchell needs for the new product is R6.50. Sales of this 
component are expected to increase. However, the Roach management 
has indicated that it could supply Mitchell with the required 
quantities of the component at the regular selling price less 
variable selling and distribution expenses. 'Mitchell's management 
has responded by offering to pay standard variable manufacturing 
cost plus 20 percent. 
The two ~ivisions have been unable to agree on a transfer price. 
Corporate management has never established a transfer price policy 
because interdivisional transactions have never occurred. As a 
compromise, the financial director has suggested a price equal to 
the standard full manufacturing cost (i.e., no selling and 
distribution expenses) plus a 15 percent markup. This price has 
also been rejected by the two division managers because each 














The unit cost structure for the Roach component and the three 
suggested prices are shown below. 
Regular selling price 
Standard variable manufacturing cost 
Standard fixed manufacturing cost 
Variable selling and distribution expenses 
Regular selling price less variable selling 
and distribution expenses (R6.50 - .60) 
Standard variable manufacturing cost plus 20% 
(R3.20 x 1.20) 
Standard full manufacturing cost plus 15% 






K5_. __ 06 
REQ!JJREJ! : 
1. Discuss the effect each of the three proposed prices 





2. If Mitchell can acquire the component from an outside supplier 
for R5.90, how would this affect your answer to the above? 
What. is the effect on corporate profits if Mitchell were to 
acquire the component externally? 
(5 marks) 
3 Is the negotiation of a pric~ betwe~n the Mitchell and Roach 
Divisions a satisfa~tory method to solve the transfer price 




the corporate management of MBR 

















.QOE$ TJQN .. -~- (15 marks) 
You have approached your Managing Director with a request to 
purchase a personal computer to assist with financial 
modeling. Th~ Managing Director is not overly enamoured with 
the idea as the company has recently upgraded it's mainframe 
at considerable cost. He feels that if the company is going 
to allocate resources to computerisation, that these resources 
be pooled rather than being spread over a number of personal 
computers. Further, he feels strongly about the pooling of 
data rather th~n each personal computer user having his own 
data base. 
Write a memo ·to the Managing Director 
concerns are unjustified and why it is 
personal computer for financial modeling. 
explaining why his 
necessary to have a 
(8 marks) 
It has been suggested that in designing and implementing a 
financial model, the user should follow a systematic approach 
starting with the definition of the objective and ending with 
the verification of the model. 
REQUJ_RE..D : 
-··---------~·-·~ 
Explain why it necessary to follow a systematic approach and 














APPENDIX B. 1 
BINDING WIRE TENSILE TEST RESULTS 
MATERIALS ENGINEERING UCT 
DATE 25 {2)5 87 
TEST RESULTS: 





1 495.25 11. 13 • 41Zl 
2 490. 2'2l 1(2). 11 • 41Zl 
3 487.78 11Zl. 89 • 41Zl 
4 491Zl. 2'2l 1 IZJ. 87 • 41Zl 
c:- 485.75 1 IZJ. 78 • 4fll ...., 
5 485.97 12. 1Zl4 • 41Zl 





x 489.28 1121. o~· ....... _. 
s ~ .,.... . .:: •• 'I-CJ • 59 
v • 71 5.37 
maximum tensile strength (MPa) 
maximum elongation at break (%) 
cross-sectional area (nun2) 
X = mean ultimate tensile stress 


















RESULTS OF TENSILE TESTS CONDUCTED ON 
SECTIONS OF THE STEEL MESH 
MATERIALS ENGINEERING UCT 
DATE 15 1Zl5 87 
TEST RESULTS: 
n F MAX 
NI l1H1i2 
1 498.33 
.-, 497. 12l1 ..::. ..,. 
502.50 ._) 
4 499.97 
c::- 503.25 ...J 

















x 5(Z)l2l. 73 9. 59 7.79 
s 2. 7eJ • 81 • 012) 
v • 5l~ 8.36 • el IZl 
F MAX = maximum tensile strength (MP a) 
dL MAX = maximum elongation at break (%) 
s = cross-sectional area (rnm2) 
x = mean ultimate tensile stress 
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APPENDIX C 
WORKING DRAWINGS OF SHEAR SUPPORT RIG 























WORKING DRAWINGS OF ACI IMPACT TESTING EQUIPMENT 
SCALE 1:25 
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LOAD-DEFLECTION PLOTS OF BINDING WIRE 
REINFORCED PRISMS 
E.1 Prisms reinforced with 1.25% Vf 
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PRIS~~~_JN_~QRCED WITH 1.25% Vf 
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FLEXURAL STRENGTH EQUATION 
F.1 Determination of constants for flexural strength equation (3.7) 
F.2 Ratios of the experimental strength to the theoretical strength 
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- _ DETERMINATION OF CONSTANTS FOR FLEXURAL STRENGTH EQUATION ( 3. 7) 
---------------- - - ------ ------ ·----·-- ---~~~ ~-~c:-:_ __ -=-
~~ ~.7 
:::--~<"s._ ":,~~',,; -~;;, . . . A C-;tc~J ~ Ck~~-· .. 
----· ------- ----·· -- ------------------------~------- --·---- - - --- '------ -- ----. -
- ~.. - v~ .. J-1-r::,. o.88?.. l \.~is .. 
-- - ----. - . - --- -·----- -- -- --··- ·- - -· ·-·- ~------------ ----- --- -- ·-. -+ ---
t I 
- Ul-"'t - v~. }.../ D - - q•• o.~\°\ l \./Go. 
I 
__ vii/Iii c:A. V 'S.:.- :,.t I 't? _ o.qcC. ! \.\II. 
. { ;.:~~ .. ~ 1,J\...l' 
~ C..Q.. 




w~ ... L1D 
Wr.;._L1-c 
V\)_ c;;_ Lt n 
V'1 \;,. L _1 D 
v~ J.. /'D 
\)\· ~l'D 
vi. . )..Jn 
v\ ,LI "D 
"'1 J.JD 
----. --- --~- ... 
\tJ ~-Lin 
-··· -··-· - - -· 
~~_i(t> 
_ -~~·L(n 
o.q \ 'l.. 
I 
, \.qca 
-- - __ J__ --· ---- - --- . ·-- -- -· ·- - . 
o.qc8 
\. CJ;:_;C I \.~cc 
·- - -· -- - .. ---- --·--· ·-··-··------- ... ·---- ------ --- .. 
o.O\, \"l.. 
\ .0\ "".::> 
l.C\I 
\. \C\'l_ 
! \ .. \/ 
-~· -- -
i \.~~ t --- -- -- -
l O·°';c_ 
\. U8. \ 
j 
--+---- "·7""·- ----- - ------·-
~ • cQ.., • ~ -c,i--~ ~~ ~:C..-~~ ___ J: __ L __ co"':'.b~1 u......~::_~~ 
t + L>\-\ ~ ~Lv-.-o...t:- ~- ~- ~ ~~ ~~c'-
















~ ~ 0 0 ~ 
4 • 0 ~ 
1~ ~ ~ g -. • tJ: 
~ c!l 0 
~! 
Ii 











" . . i!. cf) 0 
I 8 1 ~ cr ~ . . 0 
~ cf] 
rn 
'5 'S er 6'. ~ 0 . " . 0 < c!! 








r c 0 0 :r - e ., < 0 ~ 
APPENDIX F .2 
RATIOS OF THE.EXPERIMENTAL STRENGTH TO THE THEORETICAL 
STRENGTH PREDICTED BY THE VARIOUS ANALYSIS METHODS 
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CALCULATION OF TOUGHNESS INDEXES FOR SFRC SPECIMENS 
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SLAB TESTING RESULTS 
I.1 Recorded load-deflections per mesh reinforced slabs 
under static loading 
I.2 Recorded load-deflections for partially SFRC slabs 
under static loading 
I.3 Yield line analysis of statically loaded mesh reinforced 
and partially SFRC slabs 
I.4 Deflections of mesh reinforced slab under impact 
loading 
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RECORDED LOAD-DEFLECTIONS FOR PARTIALLY SFRC SLABS 
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YIELD LINE ANALYSIS OF STATICALLY LOADED PARTIALLY SFRC SLAB 
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ARCH TESTING RESULTS 
J.1 Recorded load vs deflections for mesh-reinforced 
arches under static loading 
J.2 Recorded load vs deflections for partially SFRC 
arches under static loading 
J.3 Elastic and ultimate arch sectional analysis 
J.4 Deflections of mesh-reinforced arch under impact 
loading 
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RECORDED LOAD-DEFLECTIONS FOR PARTIALLY SFRC ARCHES 
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ELASTIC AND ULTIMATE ARCH SECTIONAL ANALYSIS 
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APPENDIX J.4 
DEFLECTIONS OF MESH REINFORCED ARCHES 
UNDER IMPACT LOADING 
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APPENDIX J.5 
DEFLECTIONS OF PARTIALLY SFRC ARCHES 
UNDER IMPACT LOADING 
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